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Abstract 
 
One of the most important challenges for our society is providing powerful devices for 
renewable energy production. Many technologies based on renewable energy sources have 
been developed, which represent a clean energy sources that have a much lower 
environmental impact than conventional energy technologies. Nowadays, many researches 
focus their attention on the development of renewable energy from solar, water, organic 
matter and biomass, which represent abundant and renewable energy sources. This research is 
mainly focused on the development of promising electrode materials and their potential 
application on emerging technologies such as artificial photosynthesis and microbial fuel cell 
(MFC). According to desired proprieties of functional materials, this research was focused on 
two main materials: (1) TiO2 for the development of electrodes for the water splitting reaction 
due to its demonstrated application potential as photocatalyst material and (2) carbon-based 
materials for the development of electrodes for MFC. 
In the first part of the investigation, different TiO2 nanostructures have been studied 
including: synthesis, characterization and test of TiO2-based materials with the aim of 
improving the limiting factors of the photocatalytic reaction: charge recombination and 
separation/migration processes. The photo-catalytic properties of different TiO2 
nanostructures were evaluated including: TiO2 nanoparticles (NPs) film, TiO2 nanotubes 
(NTs) and ZnO@TiO2 core-shell structures. Photo-electrochemical activity measurements 
and electrochemical impedance spectroscopy analysis showed an improvement in charge 
collection efficiency of 1D-nanostructures, related to a more efficient electron transport in the 
materials. The efficient application of both the TiO2 NTs and the ZnO@TiO2 core-shell 
photoanodes opens important perspectives, not only in the water splitting application field, 
but also for other photo-catalytic applications (e.g. photovoltaic cells, degradation of organic 
substances), due to their chemical stability, easiness of preparation and improved transport 
properties. Additionally, in order to improve the photo-catalytic activity of TiO2 NPs, 
PANI/TiO2 composite film was synthesized. PANI/TiO2 composite film was successfully 
applied as anode material for the PEC water splitting reaction showing a significant increase 
in the photocatalytic activity of TiO2 NPs composite film essentially attributed to the efficient 
separation of the generated electron and hole pairs. To date, no cost-effective materials 
system satisfies all of the technical requirements for practical hydrogen production under 
zero-bias conditions. For this propose, to promote the sustainability of the process, the bias 
 
 
require to conduct PEC water splitting reaction could be powered by MFC systems in which 
many efforts have been done to improve power and electricity generation as is explained 
below. 
In this work, different strategies were also applied in order to improve the performance of 
anode materials for MFCs. The investigation of commercial carbon-based materials 
demonstrated that these materials, normally used for other ends are suitable electrodes for 
MFC and their use could reduce MFC costs and improve the energy sustainability of the 
process. In addition, to enhance power generation in MFC by using low-cost and commercial 
carbon-based materials, nitric acid activation (C-HNO3) and PANI deposition (C-PANI) were 
performed on commercial carbon felt (C-FELT) in order to increase the performance of 
MFC. Electrochemical determinations performed in batch-mode MFC reveled a strong 
reduction of the activation losses contribution and an important decrease of the internal 
resistance of the cell using C-HNO3 and C-PANI of about 2.3 and 4.4 times, respectively, 
with respect to C-FELT. Additionally, with the aim of solvent different MFC operational 
problems such as: biofouling, low surface area and large-scale MFC, an innovative three-
dimensional material effectively developed and used as anode electrode. The conductive 
carbon-coated Berl saddles (C-SADDLES) were successfully used as anode electrode in 
batch-mode MFC. Electrochemical results suggested that C-SADDLES offer a low-cost 
solution to satisfy either electrical or bioreactor requirements, increasing the reliability of the 
MFC processes, and seems to be a valid candidate for scaled-up systems and for continuous 
mode application of MFC technology. In addition, the electrochemical performance and 
continuous energy production of the most promising materials obtained during this work 
were evaluated under continuous operation MFC in a long-term evaluation test. Remarkable 
results were obtained for continuous MFCs systems operated with three different anode 
materials: C-FELT, C-PANI and C-SADDLES. From polarization curves, the maximum 
power generation was obtained using C-SADDLES (102 mW·m
-2
) with respect to C-FELT 
(93 mW·m
-2
) and C-PANI (65 mW·m
-2
) after three months of operation. The highest amount 
of electrical energy was produced by C-PANI (1803 J) with respect to C-FELT (1664 J) and 
C-SADDLES (1674 J). However, it is worth to note that PANI activity was reduced during 
time by the operating conditions inside the anode chamber. 
In order to demonstrate the wide application potential MFC, this work reports on merging 
heterogeneous contributions and combining the advantages from three separate fields in a 
system which enables the ultra-low-power monitoring of a microbial fuel cell voltage status 
and enables pressure monitoring features of the internal conditions of a cell. The solution is 
 
 
conceived to provide an efficient energy source, harvesting wastewater, integrating energy 
management and health monitoring capabilities to sensor nodes which are not connected to 
the energy grid. Finally, this work presented a general concept of the integration of both 
devices into a hybrid device by interfacing PEC and MFC devices (denoted as PEC-MFC), 
which is proposed to generate electricity and hydrogen using as external bias the potential 
produce by microbial fuel cell. 
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Introduction 
 
In this introductory Chapter the worldwide energy demand is described, focused on devices 
for renewable energy production. A description of the commonly used proton exchange 
membrane (PEM) devices for energy production is provided with specific applications on 
water splitting and microbial fuel cell technologies. Finally, to clarify the scenario in which 
this work is contextualized an overview of the objectives and structure of the thesis is 
reported. 
 
I.1. Worldwide energy demand 
The era in which human kind could only rely on plain solar power and its main derivatives 
(biomass, fuel wood, wind, hydropower) to empower its energy needs, vanished 100 years 
ago. Coal ended the long dominance of fuel wood in the United States around 1885. The 
latter was surpassed in 1951 by petroleum and a few years later by natural gas. Since then, 
the intensified use of fossil fuels has massively increased our energy consumption and our 
dependency on it [1]. The need for power is nowadays mainly satisfied by the use of 
conventional energy sources based on oil, coal, natural gas and nuclear power that have 
proven to be highly effective drivers of economic progress. Unfortunately, the environmental 
impact of most of these energy sources is tremendous, mainly because of the emission of 
greenhouse gases, which causes the increase in the global averaged temperature affecting the 
equilibrium in all the ecosystems. Moreover, from 2010 to 2040, the world’s population is 
projected to rise from 7 billion to nearly 9 billion, and the global economy will increase in 
more than double [2]. Over that same period, global energy demand is likely to rise by about 
35 percent, related with an important rising on the demand of energy in the developing 
countries, leading to an expected planetary emergency of gigantic dimensions (see Figure I.1) 
[2]. In this panorama, the potential impact of renewable energy sources is enormous as they 
can in principle meet many times the world’s energy demand providing sustainable energy 
services based on the use of routinely available indigenous resources. A global transition to 
renewable energy is already underway, and the developments of more efficient systems 
continue to increase, while the price of oil and gas continues to fluctuate. Renewable energy 
offers an alternative to conventional sources and grants us greater control over future energy 
prices and supply [3]. Clearly, during this new era an answer must be found to a most 
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intriguing quest: the generation of sustainable energy and in particular energy production 
from renewable energy sources. 
 
Figure I.1. Global energy demand [2] 
 
I.2. Technologies for renewable energy production  
Prior to the development of coal in the mid 19th century, nearly all energy used was 
renewable. Almost without a doubt the oldest known use of renewable energy, in the form of 
traditional biomass to fuel fires [4]. Moving into the time of recorded history, the primary 
sources of traditional renewable energy were human labor, animal power, water power, wind, 
in grain crushing windmills, and firewood, a traditional biomass. In the 1970s 
environmentalists promoted the development of renewable energy both as a replacement for 
the eventual depletion of oil, as well as for an escape from dependence on oil [5]. From 1992 
onwards, renewable energy has become a top priority for the governments in all the European 
countries due to the increasing global concerns about climate change and scarcity of fossil 
fuels [6, 7]. Such targets require that low carbon technologies for generating energy, become 
usual, rather than ‘alternative’, as is currently often the case. Nowadays, renewable energy 
technologies for energy generation vary in a wide technology-choices: solar photovoltaic 
panels, wind turbines of different scale, energy from waste plants, biomass fuelled plant at 
scales from small combined heat and power plant to large scale power stations, hydro 
schemes and ocean technologies (e.g. tidal and wave devices) [8]. Other renewable energy 
technologies are still under development and include: cellulosic ethanol, hot-dry-rock 
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geothermal power, ocean energy, artificial photosynthesis and microbial fuel cells (MFCs) 
[8-10]. These technologies are not yet widely demonstrated or have limited 
commercialization. To this purpose, many efforts have been done to develop cost-effective 
and high efficient energy production systems, however up-to-day above technologies are 
under development and are not commercially available [11, 12]. In order to encourage the 
development of renewable energies, this research is mainly focused on the study of promising 
materials and their potential application on emerging technologies such as artificial 
photosynthesis and microbial fuel cell to produce clean and renewable energy by using the 
appropriate PEM devices. 
 
I.3. Energy production using proton exchange membrane devices  
A fuel cell (FC) is a device that converts the chemical energy contained in a fuel into 
electricity through a chemical reaction with oxygen or another oxidizing agent [13]. Fuel 
cells are classified primarily by the kind of electrolyte they employ. This classification 
determines the kind of chemical reactions that take place in the cell, the kind of catalysts 
required, the temperature range in which the cell operates, the fuel required, and other factors 
[14]. These characteristics, in turn, affect the applications for which these cells are most 
suitable. There are several types of fuel cells currently under development, each with its own 
advantages, limitations, and potential applications. Some types of fuel cells are: proton 
exchange membrane (PEM) fuel cells, direct methanol fuel cells, alkaline fuel cells,  
phosphoric acid fuel cells, molten carbonate fuel cells, solid oxide fuel cells and regenerative 
fuel cells [14]. In particular, PEM-FC is an electrochemical FC fed with hydrogen, which is 
oxidized at the anode, and oxygen that is reduced at the cathode. The protons released during 
the oxidation of hydrogen are conducted through the PEM at the cathode. Since the PEM 
membrane is not electrically conductive the electrons released from the hydrogen travel along 
the electrical detour provided and an electrical current is generated, as shown in Figure I.2.  
Based on the configuration of PEM-FC that is: anode, cathode and PEM, also simplify the 
separation and storage of the products obtained, several devices for renewable energy 
generation have emerged in the last year and many of these are not already commercially 
available such as: (a) photoelectrochemical cell (PEC) for hydrogen production through water 
splitting reaction and (b) microbial fuel cells (MFC) for direct electricity generation by 
microorganisms activity (see Figure I.3), systems on which this work is focused. Both 
hydrogen and electricity generated by using  renewable energy process are of great interest in 
order to resolve the two main problems related with the current energy demand: (1) the use of 
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fossil fuels which cause serious environmental problems, such as global warming, climate 
changes, melting of ice caps, rising sea levels, acid rain, pollution, ozone layer depletion, oil 
spills, forest and agricultural land damage caused by mining of coal, and so on [14], and (2) 
the important rising on the demand of energy as a result of population growth and economic 
development, thus expected a global energy emergency for the future generations.  
 
Figure I.2. Diagram of fuel cell operation 
 
Hydrogen is an excellent energy carrier with many unique properties. It is the lightest, most 
efficient, and cleanest fuel. In this sense, photoelectrochemical water splitting emerged as a 
promising technology for the production of hydrogen, because uses two renewable energy 
sources such as water and solar light. Thus, also the combination of water, solar light and 
electricity produced by renewable energy devices (i.e. photovoltaic or MFC systems), 
potentially offers the cleanest and sustainable way to produce hydrogen. However, the search 
for suitable materials to be employed for the water dissociation into molecular hydrogen and 
oxygen is still an open challenge. Similarly to photoelectrochemical cell for hydrogen 
production explained above, MFCs configuration typically consist of anode, cathode and 
proton exchange membrane [15]. MFCs are bioelectrochemical systems that directly convert 
chemical energy of organic compounds into electricity via microbial metabolism. Even with 
the remarkable improvements in power density obtained up-to date, the large-scale 
applications of MFCs have yet to be implemented due to low energy generation and high 
costs [16, 17]. Therefore, in order to make MFCs a sustainable energy process, the power 
density should be significantly increased; in this respect, the electron transfer from bacteria to 
the anode seems to be one of the limiting steps in the energy generation in MFCs [18]. 
Research has been and is currently being conducted into several research groups, but until 
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today hydrogen and electricity production by using renewable energy process represent an 
important challenge due to the low efficiencies and high costs involved, in such regard new 
active materials must be developed.  
 
 
Figure I.3. Schematic configuration of a PEC and MFC with PEM configuration  
 
I.4. Materials for renewable energy generation  
Driven by recent discoveries and innovation in the science and technology of materials, 
applications based on functional materials are becoming increasingly important. The 
development of functional materials for sustainable energy involve research, development, 
manufacture and application of materials for energy production. A wide variety of materials 
for sustainable energy applications have been developed and many other are currently under 
development [15, 19-21]. In particular, in systems based on proton exchange membrane 
configurations, the research of functional materials have been focused on the developments of 
membranes, catalysts, electrolytes, novel cathodes and anodes, in order to improve the global 
performances of the cells. Many researchers have been devoted to this end and the research of 
innovative and more efficient materials continues to be an important challenge. Focusing the 
attention on anode materials for renewable energy generation, a wide variety of possibilities 
could be studied. However, in order to restrict the range of possibility, preferred properties 
have to be identified and evaluated for each particular system. In this respect, a brief 
description of the main desired properties of the anode materials used in photoelectrochemical 
water splitting and microbial fuel cell are explained below. 
In the research for functional materials for photoelectrochemical water splitting has been 
found that a suitable anode material should exhibits high photocatalytic efficiency, optimal 
environmental compatibility and good chemical and optical stability [22]. Thus, it has been 
found  that the photochemical water-splitting reaction can be catalyzed by over 140 metal 
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oxides, perovskites and oxynitrides [23]. Since 1972, after the pioneering work of Fujishima 
and Honda [24], titanium dioxide (TiO2) is the most commonly studied material for 
photocatalysts. It up to now TiO2 is close to be ideal photocatalyst. Different routes have been 
adopted for enhancing its photocatalyst performances. However, charge recombination and 
separation/migration processes are the two most important competitive processes that largely 
affect the efficiency of the photocatalytic reaction. Because of this, unfortunately, solar-to-
hydrogen efficiency is limited  and currently continues to be an open challenge [25]. To 
render TiO2 a suitable material to be used for the water splitting reaction, in this work are 
studied and compared the performance of different TiO2 nanostructures used as anode 
electrode in order to improve the photoelectrochemical properties of TiO2. 
Comparable with photoelectrochemical water splitting, a wide range of functional materials 
have been evaluated in order to select the most promising anode material for MFCs 
application. However, even with the remarkable improvements in power density obtained up-
to date, the electron transfer from bacteria to the anode seems to be one of the limiting steps in 
the energy generation in MFCs [18]. An ideal anode material should promote bacterial 
attachment and facilitate electron transfer.  For this reason, in order to promote high bio-
catalytic activity, some specific features of electrode materials are required, such as high 
surface roughness, good biocompatibility and efficient electron transfer between bacteria and 
electrode surface [16]. Conventional carbon materials (i.e. carbon brush, carbon felt, carbon 
paper) have been widely used as anode materials because of their good conductivity, stability, 
biocompatibility and low cost [21]. However, the limited surface area of these materials seems 
to restrict both biofilm formation and power generation [26, 27]. In order to improve bacterial 
adhesion and electron transfer, electrode surface modification and/or activation have become a 
new topic of interest in the research field of MFCs [28-32]. To address these issues, in this 
work different strategies have been developed to improve the performances on commercial 
carbon-based materials including: physico-chemical modifications and development of 
promising materials with a high potential of application for the scaling up of the MFCs 
process. 
 
I.5. Objectives and structures of the thesis  
This work presents the results of the investigation carried out in two devices for renewable 
energy generation: (1) PEC for hydrogen generation through water splitting reaction and (2) 
MFC for direct electricity generation by microorganisms activity. They main parameters and 
operational conditions of these systems are discussed. The investigation was focused on the 
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development of anodic materials with the aim of improve the performance of the mentioned 
devices. The properties of a wide range of functional materials were analyzed in depth in 
order to select the most promising materials able to offer the best performance under each 
particular operation. To reach this purpose the investigation was focused on two main 
materials: 
1. Due to its demonstrated application potential as photocatalysts materials, TiO2 was 
selected as based materials for the development of anodic electrodes for the water splitting 
reaction carried out in the PEC. Thus,  different TiO2 nanostructures have been synthesized, 
characterized and tested with the aim of improve the limiting factors of the photocatalytic 
reaction: charge recombination and separation/migration processes.  
2. Because of its unique properties, carbon based materials were selected as the most 
promising materials for the development anodic electrodes for MFC. The evaluation of 
different commercial, modified and synthesized carbon-based materials were studied, in order 
to improve the electron transfer from bacteria to the anode in MFCs and thus, increase the 
energy production of the system. 
This work is composed of ten chapters, basically divided on literature review, experimental 
part, applications of the materials in the devices and conclusions, many of which are a 
compilation of the papers published and submitted for publication as a result of this PhD 
thesis as is described below. Chapters from I to IV include the research related to the 
investigation of PEC for hydrogen production by water splitting reaction. In Chapter I a brief 
literature review focused on TiO2: synthesis, photoelectrochemical properties and application 
is described. Chapter II includes development of TiO2 nanoparticles by an optimized sol-gel 
synthesis procedure to obtain TiO2 films as anode electrode for photoelectrochemical water 
splitting. Chapter III reports the investigation of different TiO2 nanostructures and their 
performance for the photoelectrochemical water splitting reaction. Chapter IV includes the 
deposition of polyaniline in TiO2 mesoporous films and its use as sensitizer for photocatalytic 
water splitting system. 
Chapters from V to X include the research related to the investigation on  MFC for direct 
electricity generation by microorganisms activity. Chapter V gives a literature review based 
on: components, operation and electrochemical characterization of MFCs. In Chapter VI an 
experimental investigation of several low-cost commercial carbon-based materials used as 
electrodes for MFC was performed. Chapter VII reports the surface modifications of carbon 
felt, in order to increase the electrochemical performance of this commercial material used as 
anode electrode in MFCs. In Chapter VIII an innovative tridimensional anode electrode is 
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proposed as a suitable packing material for bacteria growth and proliferation in MFCs.  
Chapter IX provides a long-term evaluation of the performance of three different anode 
materials: (a) commercial carbon felt, (b) polyaniline-coated carbon felt and (b) the 
innovative carbon-coated Berl saddles developed in our labs used as anode electrodes in 
MFC. In Chapter X, applications of the energy produced in the MFC systems are presented. 
Furthermore, innovative prospective of the combination of both systems PEC and MFC are 
presented, and preliminary results are reported through a hybrid solar-microbial device for 
sustainable hydrogen and electricity generation. Finally, a summary and final remarks are 
included at the end of the thesis. 
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Chapter 1 
 
Literature review - The use of semiconductors for photoelectrochemical water splitting 
applications 
 
1.1. Introduction 
In this Chapter, a brief review of the historical development of water splitting photocatalysts 
is described. The special emphasis is put on the study of the photocatalysts properties of 
semiconductors materials with potential applications as photocatalysts. A description of the 
mechanisms of photocatalytic water splitting for hydrogen production using semiconductors 
is included. Photocatalyst modification techniques to enhance the performance of TiO2 for 
hydrogen production are discussed. Finally, photoelectrode requirements and cell 
configurations are explained. 
 
1.2. Research background 
Recently, hydrogen has received considerable attention as an ideal fuel for the future. 
Hydrogen fuel can be produced from clean and renewable energy sources and, thus, its life 
cycle is clean and renewable. However, presently, renewable energy contributes only about 
5% of the commercial hydrogen production primarily via water electrolysis, while other 95% 
hydrogen is mainly derived from fossil fuels. Thus, renewable hydrogen production is not 
popular yet because the cost is still high and has a low efficiency [1]. Research in this field 
was initiated by the demonstration of photoelectrochemical (PEC) water splitting using a 
single-crystal TiO2 (rutile) photoanode and a Pt cathode with an external bias [2], well-known 
as the Honda-Fujishima effect. When a TiO2 anode, an n-type semiconductor, is illuminated 
by light with energy greater than the band gap of TiO2, electrons and holes are generated in 
the conduction band and valence band, respectively. When an anodic potential is applied 
through an external circuit, the electrons migrate through the bulk to reach the Pt counter 
electrode, thereby reducing H
+
 into H2. Meanwhile, the holes that were left behind on the 
surface of the TiO2 oxidize water, forming O2. The overall reaction process is illustrated in 
Figure 1.1. Recently, numerous PEC cells have been developed, many of which were 
designed specifically for the efficient utilization of solar energy. However, due to a lack of 
suitable photoelectrode materials with appropriate band-gap structures and stability, the 
systems proposed to date have been rather complicated [3-5]. To address this issue, 
 12 
 
photocatalytic water-splitting using TiO2 for hydrogen production offers a promising way for 
clean, low-cost and environmentally friendly production of hydrogen by solar energy. 
 
Figure 1.1. PEC water splitting using a TiO2 photoanode 
 
1.3. Photocatalysts 
Semiconductor photocatalysis has received much attention during last three decades as a 
promising solution for both energy generation and environmental problems [2, 4, 6-8]. In 
recent years, scientific and engineering interest in heterogeneous photocatalysis has been also 
focused on environmental applications such as wastewater treatment and air purification [9, 
10]. Both photocatalytic water/air purification and photocatalytic hydrogen production 
require essential photogeneration of hole/electron pairs. However, the utilization of 
holes/electrons pairs as well as the systems process are different as is explained in more detail 
below. 
 
1.3.1. Mechanisms of semiconductor photocatalytic water splitting 
The electronic structure of a semiconductor plays a key role in semiconductor photocatalysis. 
Unlike a conductor, a semiconductor consists of valence band (VB) and conduction band 
(CB). Energy difference between these two levels is said to be the bandgap (Eg). Without 
excitation, both the electrons and holes are in valence band. When semiconductors are 
excited by photons with energy equal to or higher than their bandgap energy level, electrons 
receive energy from the photons and are thus promoted from VB to CB if the energy gain is 
higher than the bandgap energy level [1]. For the TiO2 semiconductor, the reaction is 
expressed as:  
                                Photocatalyst (e.g., TiO2)  +   solar light (hv)  →   h
+
VB  +  e
-
CB          (1.1) 
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The photo-generated electrons (e
-
CB) and holes (h
+
VB ) can recombine in bulk or on surface of 
the semiconductor within a very short time, releasing energy in the form of heat or photons. 
Electrons and holes that migrate to the surface of the semiconductor without recombination 
can, respectively, reduce and oxidize the reactants adsorbed by the semiconductor. The 
reduction and oxidation reactions are the basic mechanisms of photocatalytic hydrogen 
production and photocatalytic water/air purification, respectively. Both surface adsorption as 
well as photocatalytic reactions can be enhanced by nanosized semiconductors as more 
reactive surface area is available. 
TiO2 is the most popular photocatalyst because of its relatively high activity, chemical 
stability, availability with low production costs, and non-toxicity, it has been widely studied 
and proven to have a potential to completely oxidize a variety of organic compounds, 
including persistent organic pollutants. For photocatalytic water/air remediation as an 
environmental application, VB holes are the important elements that induce the oxidative 
decomposition of the organic pollutants. The positive hole can oxidize pollutants directly, but 
mostly they react with water (i.e., hydroxide ion, OH
–
) to produce the hydroxyl radical 
(•OH), which is a very powerful oxidant having an oxidation potential of 2.8 V vs. NHE. 
•OH rapidly attacks organic molecules at the surface and in solution, and can mineralize them 
into CO2, H2O, etc. The reducing CB electrons are more important when photocatalytic 
reaction is applied for hydrogen production from water splitting as shown in Figure 1.2. In 
order to initiate the hydrogen production, the conduction band level must be more negative 
than the hydrogen production level. The redox potential for the overall water splitting 
reaction (eq. 1.2) at pH 7 is EH = -1.23 V vs. NHE, with the corresponding half-reactions of -
0.41 V (eq 1.4) and 0.82 V (eq 1.5), which gives a ΔGo = +237 kJ/mole) [11] are shown 
below: 
                                                                2H2O → 2H2 + O2                                                (1.2) 
                                                                 H2O ↔ H
+
 + OH
–
                                                (1.3) 
                                                          2H2O + 2e
–
 → H2 + 2OH
–
                                          (1.4) 
                                                           2H2O → O2 + 4H
+
 + 4e
–
                                            (1.5) 
Presently, the energy conversion efficiency from solar to hydrogen by TiO2 photocatalytic 
water-splitting is still low, mainly due to the following reasons [1, 12]: 
(1) Recombination of photo-generated electron/hole pairs: CB electrons can recombine with 
VB holes very quickly and release energy in the form of unproductive heat or photons; 
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(2) Fast backward reaction: decomposition of water into hydrogen and oxygen is an energy 
increasing process, thus backward reaction (recombination of hydrogen and oxygen into 
water) easily proceeds; 
(3) Inability to utilize visible light: the band gap of TiO2 is about 3.2 eV and only UV light 
can be utilized for hydrogen production. Since the UV light only accounts for about 4% of 
the solar radiation energy while the visible light contributes about 50%, the inability to utilize 
visible light limits the efficiency of solar photocatalytic hydrogen production. 
In order to resolve the above listed problems and make solar photocatalytic hydrogen 
production feasible, continuous efforts have been made to promote the photocatalytic activity 
and enhance the visible light response. Addition of electron donors (hole scavengers), 
addition of carbonate salts, noble metal loading, metal ion doping, anion doping, dye 
sensitization, composite semiconductors, metal ion-implantation etc., were investigated and 
some of them have been proved to be useful to enhance hydrogen production. The above 
listed techniques influencing H2 production have been grouped under two broad 
classifications, such as ‘chemical additives’ and ‘photocatalyst modification techniques’ [1]. 
Different strategies based on TiO2 photocatalyst modifications techniques can be adopted 
which are discussed in the following sections. 
 
 
Figure 1.2. Mechanism of TiO2 photocatalytic water-splitting for hydrogen production 
 
1.3.2. Photocatalytic activity under visible light 
A large number of metal oxides and sulfides have been examined as photocatalysts for 
hydrogen production and environmental applications. The majority of the simple metal oxide 
photocatalysts, however, are primarily active under UV irradiation (λ < 385 nm or Eg ≥ 3.0 
eV), present in only a small portion of solar light (Table 1.1). For example, TiO2 has a wide 
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band-gap energy of 3.0 ~ 3.2 eV which prevents the utilization of visible-light that accounts 
for most of solar energy. More recently, significant efforts have also been made to develop 
new or modified semiconductor photocatalysts that are capable of using visible-light (λ = 
400–700 nm).The difficulty in developing a suitable photocatalyst can thus be attributed to 
the lack of known materials that meet these three requirements: (1) band edge potentials 
suitable for overall water splitting, (2) bandgap energy lower than 3 eV, and (3) stability in 
the photocatalytic reaction. To date, numerous attempts have been made to prepare a 
photocatalytic material that efficiently functions under visible light. In UV-active metal oxide 
photocatalysts, as mentioned, the bottoms of the conduction bands are slightly below 0 V (vs. 
NHE) at pH 0, and the tops of the valence bands are above 3 V. This makes the band gap of 
the material too large to harvest visible light, but suggests that metal oxide photocatalysts 
have sufficient potential to oxidize water because of the difference between the oxidation 
potential of H2O into O2 (1.23 V vs. NHE) and the valence band-edge potential (ca. 3 V vs. 
NHE). It is therefore very important to design the band structure of a metal oxide while 
keeping the conduction band potential. The primary approaches to making a wide-gap metal 
oxide sensitive to visible light are schematically illustrated in Figure 1.3 and can be classified 
as follows. 
 
Table 1.1. Band-gap energies for several common semiconductor materials [13, 14] 
Semiconductor Band-gap energy (eV) 
Diamond 5.4 
TiO2 3.0~3.2 
WO3 2.7 
ZnO 3.2 
SnO2 3.5 
SrTiO3 3.4 
Fe2O3 2.2 
CdS 2.4 
ZnS 3.7 
CdSe 1.7 
GaP 2.3 
GaAs 1.4 
SiC 3 
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1.3.2.1. Doping with transition-metal ions having a dn (0 < n < 10) 
electronic configuration. 
Doping a wide-gap metal oxide with foreign elements is one of the most well-known 
approaches for modification of the metal oxide crystal, and in most cases a crystal lattice 
point of the host material is replaced with the dopant. When the dopant is a transition-metal 
cation that has a partially filled d orbital (i.e., d
n
 (0 < n < 10) configuration) or is an anion 
such as C
4−,
 N
3−
, or S
2−
, a donor or acceptor level is formed in the forbidden band of the 
material as a center for absorption at visible wavelengths [15]. However, doping also hinders 
the rapid migration of photogenerated electrons or holes in the material, since the dopant 
frequently provides a discreet energy level rather than an energy band [16]. Moreover, in 
most cases, it is difficult to maintain charge balance when a dopant is introduced into the host 
metal oxide, generating vacancies that act as recombination centers for photogenerated 
electrons and holes. The doping method is therefore somewhat disadvantageous in the 
development of an efficient visible-light-responsive oxide-based photocatalyst [15, 17]. 
 
1.3.2.2. Valence band control using an anion’s p orbitals or the s orbitals of 
p-block metal ions. 
Semiconductors having a continuous valence band formed by atomic orbitals of the 
constituent elements would be more desirable. Such “valence band-controlled photocatalysts” 
have been reported by many groups [18-20]. Undoped metal oxides that exhibit activity for 
the H2 and/or O2 evolution half-reactions were reported by Kudo et al. who demonstrated that 
certain metal oxides containing Bi
3+
 [21], Ag
+
 [22], and Sn
2+
 [23] cations are capable of 
harvesting visible photons to cause photocatalytic reactions. Both AgNbO3 and SnNb2O6 are 
rare oxide photocatalysts that have the ability to reduce and oxidize water in the presence of 
sacrificial reagents under visible light. Lee et al. reported the photocatalytic properties of 
PbBi2Nb2O9, an Aurivillius phase perovskite that has a band gap of 2.88 eV [24]. Under 
visible light (> 420 nm), the oxide material exhibits a relatively high activity for both water 
reduction and oxidation in the presence of methanol and silver nitrate, respectively. 
According to band structure calculations using the Wien97 program, they concluded that the 
bottom of the conduction band of PbBi2Nb2O9 consists mostly of empty Nb4d orbitals, while 
the top of the valence band is formed by hybridized Bi6s and Pb6s orbitals. The hybridized 
orbitals are likely to raise the position of the valence band, giving a smaller band gap than 
that of compounds that do not contain Pb and Bi in their structure. In addition to WO3, many 
other metal oxides with a visible-light response have been reported to use the s electrons of 
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the constituent elements (Pb
2+,
 Bi
3+
, Ag
+
, and Sn
2+
). Some have achieved both H2 and O2 
evolution individually in the presence of suitable sacrificial reagents. Although overall water 
splitting using these metal oxides has yet to be achieved, some have been successfully 
applied to Z-scheme water-splitting systems mimicking natural photosynthesis in green 
plants, which involves two-step photoexcitation [17]. 
 
Figure 1.3. Conceptual drawing of strategies to develop a visible-light-driven photocatalyst 
through modification of a metal oxide [12] 
 
1.3.2.3. Spectral sensitization 
Sensitization methods are widely used to utilize visible-light for energy conversion. In case of 
sensitization with organic dyes, dye molecule electrons excited by visible light can be 
injected to the CB of semiconductor to initiate the catalytic reactions. Similarly, sensitization 
with a small band-gap semiconductor is made by coupling a large band-bap semiconductor 
with a small band-gap semiconductor with a more negative conduction level (i.e., hybrid or 
composite photocatalyst). In composite photocatalyst, the CB electrons photo-generated from 
a small band-gap semiconductor by the absorption of visible-light can be injected to the CB 
of a large band gap semiconductor, while the photo-generated holes are trapped in a small 
band-gap semiconductor. Thus, an effective electron-hole separation can be achieved [12, 
25]. 
 
1.4. Photoelectrode requirements and cell configurations 
The most critical aspect of the design of a photoelectrochemical device for water splitting is 
the choice of suitable photoanode and/or photocathode materials. Several of the requirements 
imposed on these materials appear to be in conflict, and certain trade-offs have to be made. In 
some cases, these trade-offs can be avoided by adopting smart architectures and materials 
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combinations. The remainder of this chapter gives a few general considerations and 
approaches. 
 
1.4.1. Requirements and trade-offs 
Most of the requirements for suitable water-splitting photoanode and/or photocathode 
materials have already been alluded to in the previous sections of this chapter. They can be 
summarized as follows [26, 27]: 
 
• Good (visible) light absorption 
The spectral region in which the semiconductor absorbs light is determined by the bandgap of 
the material. The minimum bandgap is determined by the energy required to split water (1.23 
eV) plus the thermodynamic losses (0.3–0.4 eV [28]) and the overpotentials that are required 
at various points in the system to ensure sufficiently fast reaction kinetics (0.4–0.6 eV) [29, 
30]. As a result, the bandgap should be at least 1.9 eV, which corresponds to an absorption 
onset at 650 nm. Below 400 nm the intensity of sunlight drops rapidly, imposing an upper 
limit of 3.1 eV on the bandgap. Hence, the optimum value of the bandgap should be 
somewhere between 1.9 and 3.1 eV, which is within the visible range of the solar spectrum. 
In a thorough analysis, Murphy et al. [29] suggested an optimum bandgap of 2.03 eV, which 
would lead to a solar-to-hydrogen efficiency of 16.8%. 
 
• High chemical stability in the dark and under illumination 
The chemical stability requirement is a severe one that limits the usefulness of many photo-
active materials. Most non-oxide semiconductors either dissolve or form a thin oxide layer 
that prevents charge transfer across the semiconductor/electrolyte interface. Oxide 
semiconductors are more stable, but may be prone to anodic or cathodic decomposition. The 
general trend is that the stability against (photo)corrosion increases with increasing bandgap 
[26]. Although this conflicts with the requirement of visible light absorption, a small bandgap 
and good chemical stability are not necessarily mutually exclusive (although one could argue 
that a small bandgap is often accompanied by a high valence band energy, which would 
indeed result in a less stable material). 
 
• Band edge positions that straddle the water reduction and oxidation potentials 
Few semiconductors fulfill the third requirement, which states that the band edges should 
straddle the water reduction and oxidation potentials. It suggests that the band edges of non-
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oxide semiconductors tend to be better suited toward the reduction of water (high ECB), 
whereas those of oxide semiconductors favor water oxidation (low EVB). As pointed out 
originally by Gerischer [31], and reiterated later by Weber [32], it is the quasi-Fermi levels 
that should straddle the water redox potentials. Although the interpretation of the quasi-Fermi 
level as a thermodynamic driving force may not be entirely appropriate under all conditions, 
using it within the context of the third requirement seems reasonable [26]. 
 
• Efficient charge transport in the semiconductor 
The fourth requirement is easily fulfilled in some materials (TiO2, WO3); while in others it is 
one of the main causes of poor overall conversion efficiencies. One can distinguish intrinsic 
and extrinsic charge transport factors. The electronic band structure of the material gives 
important clues with regard to the intrinsic charge carrier mobilities. Extensive overlap of 
metal 3d orbitals usually leads to high electron mobilities, whereas the overlap of O-2p 
orbitals determines the hole mobility in most metal oxides. Extrinsic factors, in particular 
shallow donors/acceptors and recombination centers, are perhaps even more important [26, 
33].  
 
• Low overpotentials for reduction/oxidation of water 
For n-type semiconductors, the fifth requirement implies that hole transfer across the 
semiconductor/electrolyte interface should be sufficiently fast in order to compete with the 
anodic decomposition reaction. More generally, interfacial charge transfer should be fast 
enough to avoid the accumulation carriers at the surface, as this would lead to a decrease of 
the electric field and a concomitant increase in electron–hole recombination. To improve the 
kinetics of charge transfer, catalytically active surface species can be added. Examples of 
effective oxygen  evolution catalysts are RuO2 [5], IrOx [34], and Co-based compounds [35], 
whereas Pt, Rh [36], Cr–Rh, RuO2, or NiOx [37, 38] are usually employed as a catalysts for 
hydrogen evolution [26]. 
 
1.4.2. Nanostructured electrodes 
Nanostructured electrode morphologies can be used to address some of the intrinsic 
material’s limitations and trade-offs mentioned above. The most obvious advantage of a 
nanostructured morphology is the increase in specific surface area. The concomitant increase 
in the number of surface sites greatly enhances the overall charge transfer kinetics at the 
semiconductor/electrolyte interface. A second advantage is the shorter diffusion path lengths 
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for the photogenerated charge carriers. This is illustrated by the nanowire array 
photoelectrode shown in Figure 1.4a, where the minority carriers only have to travel half the 
diameter of the nanowire in order to reach the semiconductor/electrolyte interface [39]. If 
transport of majority carriers is also an issue, one could employ an array of a conducting 
wires, which are coated with a thin film of the photoactive semiconductor (Figure 1.4b). 
Here, both minority and majority carriers benefit from the short distance (≤ d) that they have 
to travel before reaching the electrolyte and conducting core, respectively. This is sometimes 
referred to as a “guest–host” structure, in which the light absorbing nanosized guest material 
is attached to a nanostructured host scaffold [26, 40]. The advantages are not limited to the 
highly regular nanowire array architecture shown in Figure 1.4; nanostructures based on 
dendritic or cauliflower-type morphologies or randomly packed spheres offer similar 
advantages [40-42]. 
 
 
Figure 1.4. (a) Nanowire array photoanode, and (b) an array based on highly conducting 
nanowires coated with a thin photoanode film [26] 
 
1.4.3. PEC devices configuration 
The generally proposed architecture for water splitting devices is based on the presence of 
separate compartments for the water oxidation and the reduction reactions. The reaction 
chambers are separated by a proton exchange membrane (PEM), similar to the ones already 
in use for hydrogen fuel cells (FC) [43, 44] and for water-electrolyzers [45, 46]. A PEM-PEC 
is constituted by three principal components as shown in Figure 1.5 [47]: the membrane 
electrode assembly (MEA) with the anode, the cathode and the polymeric electrolyte 
membrane (usually made in Nafion [48]); two reaction chambers (respectively anodic and 
cathodic) where water/electrolyte flows, and the housing system, that has to contain 
transparent windows for solar light illumination. In PEM-PEC, the electrodes have also to 
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support the light harvester material, able to capture the solar photons and to further reduce the 
bias potential, and for this purpose carbon cloth cannot be employed. As shown in Figure 1.5, 
the MEA of PEC should be transparent to the light on both the anodic and cathodic side, so 
that also the cathodic electrode can absorb and take advantage of the part of the solar 
spectrum not exploited by the anodic material. The PEM-PEC electrode support has to be 
electrically conductive (at least on the photocatalyst side), transparent to the visible light, 
porous, mechanically robust and permit an easy attachment of catalysts and/or bio-molecules, 
q-dots, or other photo-active nanoparticles. To this purpose, the design of new transparent, 
conductive and porous electrodes to be employed in PEC as support for photo-active 
materials is an open challenge. 
 
 
Figure 1.5. MEA assemblies for a PEM photoelectrochemical cell configuration 
 
When the conduction and valence bands do not straddle the water reduction and oxidation 
potentials, or if the available overpotentials for water splitting are insufficient, a combination 
of two or more semiconductors may offer a solution. In such a device, one semiconductor 
acts as a regular photoanode or photocathode. The other semiconductor(s) function(s) as 
either a complementary photoelectrode, or as an integrated photovoltaic device that provides 
a bias voltage. Figure 1.6 shows some examples of possible configurations. 
Configuration  Figure 1.6a is the one we have used throughout this chapter to illustrate the 
main principles of photoelectrochemical water splitting. SrTiO3, is one of very few materials 
that have been observed to split water in this configuration [49]. However, the efficiency is 
less than 1% due to its large bandgap (3.2 eV). Cuprous oxide, Cu2O, and p-type SiC are 
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candidates for configuration Figure 1.6b. While Cu2O has been found to suffer from 
photoreduction to metallic Cu [50, 51], other reports indicate that it may be stable under the 
right conditions [52, 53]. The 4H polytype of silicon carbide is one of the few chemically 
stable photocathode materials able to split water, but its efficiency is also low (Eg = 3.26 eV) 
[54]. 
In configurations Figure 1.6c and Figure 1.6d, a bias voltage is applied to the photoanode and 
photocathode, respectively, through an integrated p–n junction. Turner et al. [4] have 
demonstrated such a monolithic tandem device based on a photocathode of p-type GaInP2 in 
combination with a GaAs p–n junction. They achieved an impressive solar-to-hydrogen 
efficiency of 12.4%, but the rapid degradation and high cost of the device limit its practical 
use. Gratzel and Augustynski used a dye-sensitized solar cell (DSSC) to bias a WO3 or Fe2O3 
photoanodes [14, 55]. The photoanode absorbs the blue part of the solar spectrum (Eg = 2.6 
eV for WO3), whereas the DSSC absorbs red light. This approach is somewhat similar to 
configuration Figure1.6c, except for the fact that the p–n junction is replaced by a separate 
DSSC device. The advantage is that the entire system can be made from low-cost and stable 
metal oxides. A remaining challenge is to address the significant light scattering of the 
individual (nanostructured) components, which severely limits the efficiency of the total 
system [56]. 
In configurations Figure 1.6e and Figure 1.6f an additional bias potential is generated by a 
single additional absorber instead of a p–n junction. An example of configuration Figure 1.6e 
is a device based on n-type TiO2 (Eg = 3.2 eV) and p-type GaP (Eg = 2.25 eV) [57]. The 
difference in band gaps ensures that a large part of the solar spectrum is used. This is not the 
case for p–n homojunctions, and devices such as n-Fe2O3/p-Fe2O3 [58] will not be very 
efficient because of this. The n–n heterojunction of configuration Figure 1.6f  was first 
studied many years ago, and was not considered to be very useful since the photogenerated 
holes in the buried n-type semiconductor could not reach the photoanode/electrolyte interface 
[59]. More recently, however, Yang et al. [60] showed that n-type Si underneath n-type TiO2 
“boosts” the energy of TiO2 conduction band electrons. This increases the available 
overpotential for the reduction of water and improves the kinetics [26]. 
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Figure 1.6. Examples of possible PEC configurations under illumination [26]. Standard 
single semiconductor devices based on a photoanode (a) or photocathode (b) with a metal 
counter electrode. Monolithic devices based on a photoanode (c) or photocathode (d) biased 
with an integrated p–n junction. p–n junction photoelectrochemical device (e), and an n–n 
heterojunction PEC device based on a photoanode deposited on top of a second n-type 
semiconductor that “boosts” the energy of the electrons (f) 
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Chapter 2 
 
Thick mesoporous TiO
2
 films through a sol-gel method involving a non-ionic surfactant: 
characterization and enhanced performance for water photo-electrolysis 
 
2.1. Introduction  
Crystalline TiO2 phases are attractive materials for devices like photocatalysts [1], 
photoelectrodes [2], gas sensors [3] and electrochromics [4]. When in film form, the activity 
strongly depends on the crystal structure, thickness and porosity. Anatase nanocrystallites are 
the most active [5]: for many applications, a highly porous structure with large surface area 
featuring a large number of catalytic sites is desired [6]. To prepare mesoporous films, sol-gel 
method [7], supercritical method [8], direct deposition from aqueous solutions [9], 
hydrothermal crystallization [10], ultrasonic spray pyrolysis [11] and sputtering technique 
[12] have been used. Most mesoporous TiO2 materials prepared by sol-gel process are in the 
form of powders or thin films. As highly reactive solutions of titanium alkoxide precursors 
are used in aqueous media to form the Ti–O–Ti network [13], this route can lead to the 
precipitation of amorphous particles with uncontrolled structure. The control of TiO2 
formation rate, its crystal size and morphology is attempted [14] basically through the use of 
structured templates, i.e. surfactant micelles, polymer nanospheres, etc. [15-17]. The presence 
of surfactant molecules hampers hydrolysis and condensation reaction by capping the titania 
precursor [18, 19], which may induce porosity in the titania inorganic network [1, 6, 13, 20].  
Another route to homogeneous titania nanoparticles operates in the absence of added water 
molecules, which are only formed in the esterification reaction of Acetic acid (AcOH) in 
alcohol solvent (i.e. Isopropanol (iPrOH)) [18]. By coupling such synthesis route with the use 
of nonionic surfactants (Tween 20, Tween 80 and Triton X-100) [6, 13], TiO2 thin films with 
good homogeneity and reproducibility have been prepared by a multiple layers dip-coating 
technique, obtaining thicknesses of about 100 nm per layer. Also, recent results show that 
carrying out the sol-gel synthesis with a high water content in the presence of AcOH as 
catalyst favors the nucleophilic attack of water on TTIP and suppresses its fast condensation, 
yielding nanocrystalline TiO2 materials with notably higher activity than the standard 
Degussa P-25 TiO2 [21-23]. However, little work has been devoted to investigate the use of 
surfactants in the AcOH assisted sol-gel method in aqueous media, for the formation of 
mesoporous TiO2 films and the analysis of their structural and photocatalytic properties. 
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Moreover, the use of surfactant has not been studied to obtain TiO2 transparent thick films 
(thickness > 1 μm) with mesoporous structure and large surface area, obtained after few 
coatings, that might increase the number of active sites and promote the activity of TiO2 
films. 
In this Chapter is reported a novel sol-gel spin coating method for preparing transparent TiO2 
thick films made of nanocrystalline particles with mesoporous structure, developed through 
the modification of a sol gel synthesis procedure starting from TTIP, glacial AcOH and 
excess water with the incorporation of the nonionic surfactant Tween 20. The latter has been 
used as pore-directing agent because it is environmentally friendly and highly viscous, which 
is beneficial to increase the film thickness (per coating layer) and to obtain TiO2 films without 
cracks. A thermal treatment in a rotary evaporator has been optimized to raise the 
concentration of TiO2 nanoparticles in the final sol, so yielding an increase in the thickness of 
the film per coated layer. Such procedure allows the preparation of mesoporous and 
homogeneous thick films in few deposition steps. The effect of the surfactant and titania 
concentration on the optical structural and morphological properties of TiO2 films has been 
studied. Finally, the photo-catalytic activity and carrier dynamics of these mesoporous TiO2 
films have been evaluated in the water photo-electrolysis reaction (WPER). The results of 
this research are part of the publication entitled: “Thick mesoporous TiO2 films through a sol-
gel method involving a non-ionic surfactant: characterization and enhanced performance for 
water photo-electrolysis”. D. Hidalgo, R. Messina, A. Sacco, D. Manfredi, S. Vankova, E. 
Garrone, G. Saracco, S. Hernández. (2014) International Journal of Hydrogen Energy. 
 
2.2. Experimental 
2.2.1. Materials and sol-gel synthesis of TiO2 nanoparticles 
TTIP (97%), glacial AcOH (99.7%), Tween 20, all from Sigma Aldrich, were used as 
purchased. TTIP, glacial AcOH and water were at fixed molar ratios 1:10:300 [21], whereas 
the molar ratio (R) between Tween 20/TTIP was varied between range from 0.25 to 1. Firstly, 
TTIP was hydrolyzed in glacial AcOH, then Tween 20 was added under vigorous stirring. 
The mixture was added drop wise to the De-Ionized water and the final solution was aged 
under continuous stirring for 48 h at ambient temperature. The sol obtained was treated in a 
rotary evaporator at 40 °C for 2 h under vacuum conditions. The final TiO2 sol, homogeneous 
and stable for weeks, was then used for the preparation of TiO2 nanoparticles in both forms of 
powder and film.All TiO2 powders have been obtained by drying the TiO2 sol at 100 °C for 
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24 h, with subsequent calcination at 500 °C for 1 h in air (using a heating rate of 1 °C/min) 
and a final natural cooling to room temperature. 
 
2.2.2. Deposition of TiO2 films 
TiO2 films were supported onto fluorine-doped tin oxide glass substrates ( TO, 7Ω/cm
2
) over 
an area of 2 x 2 cm
2
. First, the support was cleaned in acetone using an ultrasonic bath and 
then rinsed with ethanol. A “piranha” solution 3:1 (Sulfuric Acid: Hydrogen Peroxide) was 
then employed to remove organic residues on the surface. The concentrated TiO2 solution, 
obtained after the rotary evaporator treatment, was spin-coated with a spinner model Spin 150 
by using a two steps program: 500 rpm for 10 s followed by 3000 rpm for 10 s. The films 
were dried at 50 °C for 15 min and then maintained 45 min at room temperature before spin-
coating the successive layer. A maximum of 3 layers per each molar ratio were deposited. 
Finally, the films were annealed at 500 °C for 15 min in air, using a heating rate of 1 °C/min, 
and let cool down.  
 
2.2.3. Characterizations 
Thermal analysis of the final TiO2 sols for all R values was carried out from room 
temperature to 800 °C at a heating rate of 1 °C/min in air, using a thermogravimetric analyzer 
(TGA) model Pyris Diamond with “Extar V6.2” software by Perkin Elmer. TiO2 powders and 
films have been characterized through different techniques. X-ray diffraction (XRD) analysis 
were performed by using a X-ray diffractometer Cu-Ka x-ray tube (λ = 1.54 Å) with an 
accelerating voltage of 40 KV. A porosimetry analyzer (Tristar II 3020) was used to 
investigate the structural characteristics of TiO2 materials including Brunauer Emmett Teller 
(BET) surface area, porosity and pore size distribution. UV-Vis spectra were measured in the 
diffuse reflectance mode using a spectrophotometer model Cary 500 by Varian, and the 
optical band gap was estimated using the Tauc’s method [22]. Particles size, morphology and 
thickness of TiO2 films were analyzed using a ZEISS Supra 40 Field Emission Scanning 
Electron Microscope (FESEM). A profilometer model KLA-Tencor P-10 Surface Profiler has 
also been used to measure the film thicknesses.  
 
2.2.4. Photoelectrochemical tests 
Photo-activity and carrier dynamics of films were studied using the spin-coated electrodes for 
the WPER in 0.1M NaOH electrolyte (pH = 12.7). The titania films were used as anodes 
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(working electrodes), a Pt wire was employed as cathode (counter electrode), and Ag/AgCl 
(NaCl 3 M) was used as reference electrode in a typical three electrodes configuration, using 
a Potentiostat model CHI760 by CH Instruments for the photo-electrochemical (PEC) tests. 
Current-voltage (I-V) curves were recorded trough Linear Sweep Voltammetry (LSV) 
performed in the range -0.7 V to 0.6 V vs. Ag/AgCl at a scan rate of 10 mV/s. The behavior 
of the photocatalyst under AC response was investigated with Electrochemical Impedance 
Spectroscopy (EIS) in the frequency range of 100 mHz to 1MHz, with an amplitude of 25 
mV, under different applied DC potentials in the range -0.5 V to 0.5 V with 0.2 V steps. LSV 
and EIS tests were performed in the dark and under illumination (using a 450W Xe lamp by 
Newport). EIS data was modeled using the ZSimpWin (EChemSoftware) software. Current-
time (I-t) curves have been obtained by Chronoamperometry measurements at -0.1 V vs. 
Ag/AgCl under continuous dark-light cycles during 40 min. The distance between the film 
and the light source has been regulated to have an intensity of the incident light of 68 W/m
2
 
in the UV region (280 - 400 nm) and of 1000 W/m
2
 in the Vis-NIR range (400 - 1050 nm). 
The irradiance has been measured with a Delta Ohm Photo-radiometer model HD2102.1, 
using three different probes: one model LP471UVA and LP471UVB for the UV range (280-
315 nm and 315 – 400 nm, respectively) and another model LP471RAD for the Vis-NIR 
range. 
 
2.3. Results and discussion 
2.3.1. Thermal properties of TiO2 solution 
Before use, the surfactant used as template has to be removed [24], a procedure which has 
been followed by TGA. Figure 2.1 shows the thermogravimetric curve for the TiO2 sol with 
R = 0.50.  
A first fast weight loss observed below 100 °C corresponds to the water removal. The second 
mass decrease between 100 and 300 °C is due to the decomposition of organic compounds 
[25], while the third region with a lower slope ranging from 300 to 450 °C is most probably 
due to the oxidation of carbonaceous residues [26]. No further weight loss was observed up to 
500 °C. Therefore, all powders and films were calcined at 500 °C. Since the amount of TiO2 
sol used to form the films is considerably lower respect to what needed to obtain the powders, 
the temperature was maintained for 15 min in the former case and for 1 h in the latter. 
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Figure 2.1. TGA curve of TiO2 sol prepared using a Tween 20/TTIP molar ratio (R) of 0.50 
 
2.3.2. Characterization of TiO2 nanoparticles in powder form 
Direct characterization of TiO2 films is difficult due to the tiny amount of TiO2 material 
involved. Characterization so concerned the TiO2 powder after a similar thermal treatment 
used for the TiO2 films [6, 27, 28]. Morphologic, crystallographic and optical results, 
reported below, concern TiO2 nanoparticles with different R values, including the template 
free sample. XRD patterns in  igure 2.2 show the diffraction peaks at 2θ = 25.4°, 37.9°, 
48.2°, 54.0°, 55.2°, corresponding to the (101), (004), (200), (105), and (211) planes of the 
anatase phase, respectively.  
 
Figure 2.2.  XRD spectra of TiO2 powder made with different Tween 20/TTIP molar ratios, 
calcined at 500 °C for 1 h 
 
The average particle size was calculated by applying the Scherrer equation on the anatase 
(101) diffraction peak (the highest intensity peak for pure anatase): 
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                                                           (2.1) 
where   is the crystal size of the TiO2,   a constant (0.89),   the X-ray wavelength (1.54 Å), 
  the full width at half maximum (FWHM) of the TiO2 peak and   is the diffraction angle. 
Results are summarized in Table 2.1. The average crystal size of TiO2 powder without Tween 
20 was approximately 25 nm. Addition of surfactant decreases the crystal size for all the 
samples to 17-20 nm, in agreement with the literature [6, 18, 20], indicating that surfactants 
as Tween 20 inhibit crystallite growth in a sol gel system. 
Figure 2.3 shows the nitrogen adsorption-desorption isotherms and the pore size distribution 
obtained for the powders with R = 0 and R = 0.5, the latter representing the behavior of all 
the powders with a non-zero R values. Related data are summarized in Table 2.1. Isotherms 
in Figure 2.3a are typical type IV curves, characteristic of well-developed mesoporous 
materials [29]. TiO2 powders exhibited a narrow mono-modal pore size distribution, ranging 
from 2 to 5 nm, which implies good homogeneity of the pores (as also seen in Figure 2.3b). 
The presence of Tween 20 did not change the hysteresis loop and the type of pore size 
distribution of the TiO2 particles. In contrast, surfactant incorporation forms new pores from 
3 to 5 nm (Table 2.1 and Figure 2.3b), that increase the pore volume of about 1.5 to 1.6 times 
with respect to the un-modified titania; as a consequence the BET surface area increased of 
the same order of magnitude. Addition of Tween 20 leads to a remarkable enhancement of 
the BET surface area and the porosity of TiO2 particles, in agreement with the literature [6, 
18, 30].  
 
Figure 2.3. (a) Nitrogen adsorption at 77 K concerning TiO2 powders synthesized with and 
without surfactant, and (b) corresponding pore size distribution 
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The diffuse reflectance spectra (DRS) of TiO2 powders with different R are shown in Figure 
2.4. Increase in R values results in a moderate increase of the intensity (ca. 15%). A decrease 
in particle size was noted for increasing R values (Table 2.1): this suggests that the increase 
of the Kubelka-Munk function F(R) probably does not correspond to a true increase in 
absorption (indeed difficult to account for) but to a less marked scattering by the smaller 
nanoparticles. Indeed, the Kubelka-Munk model predicts that the F(R) function is equal to the 
ratio k/σ, where k is the absorption coefficient and σ is the scattering coefficient. Similar 
results for titania mesoporous structures have been reported [14, 31].   
 
 
Figure 2.4. (a) Diffuse reflectance spectra of TiO2 powders at different Tween 20/TTIP 
molar ratios, (b) Tauc plots and band gaps calculated from UV-Vis Diffuse reflectance 
measurements on TiO2 powders made with different Tween 20 loadings, using n = ½ for indirect 
transition and (c) n = 2 for direct transition. 
 
The DRS spectra of all powders in Figure 2.4a were analyzed using Tauc’s method [22], 
which allows to determine simultaneously both the nature of the band-to-band transition 
(either direct or indirect) and the actual values of the optical band gap (Eg).  Application of 
Tauc’s method [22] consisted in plotting the data from the DRS spectra in Fig. 2.4a as            
against   , where F(R) is the Kubelka-Munk function and hv the photon energy (eV), equal to 1239/λ 
(nm).  A linear region just above the optical absorption edge is expected, with  n = 2 for direct 
transition, or n = ½ for indirect transition [22]. Both types of plots have been evaluated (Figs. 2.4b 
and 2.4c). Linearity is much more satisfactory with n = 2 than with n = ½. Extrapolation of the linear 
portions yielded the Eg values reported in Table 2.1. Only the case n = 2 yielded values close to the 
universally accepted Eg value for anatase, 3.23 eV [22]. Both findings point to the fact that direct 
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indirect band-to-band transitions take place. All samples proved to behave as direct 
semiconductors, in contrast with bulk anatase, as observed in few studies, both experimental 
and theoretical [32, 33]. For direct bandgap semiconductors, electronic transition from the 
valence band to the conduction band is electrical dipole allowed and the electronic 
absorption, as well as emission, is usually strong. Hence, a direct bandgap transition may 
result in a more efficient absorption of solar energy with consequent better performances of 
materials for the solar devices [22]. The Eg values resulted to be close to the expected value 
of 3.23 eV, and to be little dependent on the R value [34].  
 
Table 2.1. Effect of Tween 20 loading on crystal size, thickness, BET surface area, pore 
volume and porosity of TiO2 nanoparticles 
R  
Crystal size  
(nm)  
BET 
(m
2
/g) 
Pore volume 
(cm
3
/g)  
Direct Band Gap 
 (eV)  
0.00 25 78.2 0.135 3.28 
0.25 19.8 94.2 0.202 3.30 
0.50 18.5 94.8 0.208 3.31 
0.75 17.7 104.5 0.209 3.32 
1.00 16.8 117.4 0.216 3.33 
 
2.3.3. Characterization of TiO2 films 
Figure 2.5 reports a small portion of the X-ray diffraction spectra of TiO2 films with 1, 2 and 
3 spin- coated layers, respectively, using the titania sol with R =  0.50, featuring the peak at 
25.4°, the (101) reflection. The increase in intensity suggests a larger amount of matter 
supported on the FTO-glass with different number of layers [20]. Generally, several layers of 
TiO2 are required to observe the XRD pattern [28]: the fact that in the present case one layer 
suffices is evidence of the efficiency of the preparation method. 
FESEM pictures are reported in Figure 2.6. The film with R = 0 (Figure 2.6a) was not 
homogeneous and featured many cracks. When Tween 20 was used, films were transparent, 
reproducible, homogeneous and crack-free, with a highly interconnected network of titania 
nanoparticles organized in a mesoporous structure (Figures 2.6b to 2.6f). Moreover (Figures 
2.6c and 2.6d), the films surface shows, in addition to mesopores, particular star-like 
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macropores, the deeper the larger R value, probably generated by the outburst of gaseous 
products of decomposition or combustion (inset of Figure 2.6d). The crystallites in all films 
exhibited a nearly round shape and have not been significantly altered by incorporating the 
surfactant into the sol. The average crystal size in FESEM images of the film with R = 0 is 
ca. 30 nm, whereas in the presence of surfactant it is lower than 20 nm, which is in agreement 
with the XRD results. EDX analysis (not reported) shows the presence of mainly Ti and O 
without any significant impurities, in particular those related to carbonaceous residues, 
removed during the heat treatment at 500 °C.  
 
 
Figure 2.5. XRD spectra of  TiO2 films  made with 1, 2, and 3 spin-coated layers, prepared 
by using the titania sol with R=0.50 
 
Film thickness was measured by both FESEM analysis in cross section (Figures 2.6e and 
2.6f) and using a profilometer. As shown in Figure 2.7, the average film thickness rises by 
increasing the R value. However, the increase of thickness slows down for increasing R. This 
could be related, on the one hand, to an increase in the viscosity of the sol by the surfactant 
causing a higher thickness per coated layer [6, 20], and, on the other hand, to a more slippery 
surface with a higher R value that reduces the friction during the spinning process, and thus 
the thickness among successive layers.  
For R = 1 films ca. 1.2 µm thick are obtained by only one spin coating run (Figure 2.6e).  It is 
worth of  note that for common synthesis using acetic-acid assisted sol-gel method modified 
with same type of non-ionic surfactant, the  maximum thickness for one layer was below 400 
nm with R values up to 3 [6], and a larger thickness has been reached with more than 6 layers 
[20]. The main result of the present work is thus that a larger amount of material can be 
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deposited in a single run, with a larger number of active sites, still keeping the mesoporous 
network of TiO2 nanoparticles. All these characteristics are desirable in order to enhance the 
TiO2 film performance for photo-catalytic applications. 
 
Figure 2.6. (a) FESEM images of the TiO2 film made without addition of surfactant. (b) - (d) 
top views and (e) - (f) cross sections of TiO2 films prepared with a Tween 20/TTIP molar 
ratio of R= 1 
 
 
Figure 2.7. Thickness of TiO2 films as a function of both Tween 20/TTIP molar ratio in the 
titania sol and number of layers 
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2.3.4. Photo-electrochemical performances  
2.3.4.1. Photoactivity of one-layer films 
Figure 2.8 shows the I-V curves of the one-layer TiO2 films made with different R. As 
expected, in the dark the current is negligible up to a potential of ca. 1.4 V vs. RHE, where 
water electrolysis occurs at  a value definitely higher than the theoretical one (E
o 
= 1.23 V vs. 
RHE), because of  overpotential effects of the TiO2 semiconductor. Upon UV-Vis irradiation, 
a sudden increase in the current is observed at potentials lower of than E
o
, the WS reaction 
being photo-assisted. The common explanation is that, as expected for a n-type 
semiconductor [35, 36], under UV illumination electrons move from the valence band to the 
conduction band leaving behind holes able to perform the water oxidation step [35].   
 
 
Figure 2.8. I-V curves of one layer TiO2 films made with different Tween 20 loadings: (a) 
R=0.25, (b) R=0.50, (c) R=0.75 and (d) R=1:00, in the dark and under UV-Vis illumination 
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With increasing R, the photo-catalytic activity of TiO2 films rises, though with a lower 
difference between the samples with R = 0.50 and 0.75. Such increase has to be attributed to 
the two factors, as previously discussed: on the one hand,  a larger active surface area and 
pore volume (Table 2.1); on the other hand, a higher amount of anatase nanocrystalline 
material in the substrate, due to the higher thickness of the film (as already shown in Figure 
2.7). In addition, the faradaic efficiency of the films was evaluated through H2 evolution 
measurements, giving for all the samples values higher than 95%.  
Coming to EIS measurements,  Figure 2.9a reports as an example the Nyquist plot obtained 
with the sample  R = 0.50 at different applied potentials, both in the dark and under 
illumination. As for all the titania films under study, the total impedance is reduced by the 
increasing of the applied potential in both conditions. The only differences are the smaller 
impedance values obtained in the light, as a result of electron-hole pair generation. Moreover, 
upon UV-Vis irradiation but at a fixed potential, the impedance of the films is additionally 
lowered when increasing the R ratio, as can be seen in the Nyquist diagram on Figure 2.9b. 
Such results are consistent with the enhancement in the photocurrent with the increase of the 
potential and the surfactant loading observed in the I-V curves (Figure 2.8).  
 
 
Figure 2.9. Nyquist plots of EIS measurements on: (a) one layer film made with R=0.5, in 
function of the applied potential (vs. Ag/AgCl) under dark (filled symbols) and upon UV-Vis 
illumination (open symbols); (b) one layer films made with different Tween 20 loadings, at -
0.1 V vs. Ag/AgCl under UV-Vis illumination. The lines represent the data obtained from the 
fitting of experimental values using the equivalent circuit shown in Figure 2.10a 
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2.3.4.2. Modeling of EIS data 
The EIS data was modeled with the equivalent circuit (EC) shown in Figure 2.10a, which has 
been previously used to evaluate the different charge transport phenomena occurring at n-
type TiO2 semiconductors and other porous materials [37-39]. In Figure 2.10a,  R indicates a 
resistance and Q is a constant phase elements (CPE), representing a non–ideal capacitance 
associated with a non-uniform current distribution in the heterogeneous materials. The 
impedance of a CPE is defined as: 
      
 
      
                                                      (2.2) 
where n (0<n<1) is the CPE index [37], while the capacitance associated with the CPE is 
given by: 
    
 
  
 
 
  
                                                        (2.3) 
In the proposed circuit, Rs is the series resistance, which include the resistances of: the FTO 
film, the external electrical contacts and the liquid electrolyte. The two parallels R//Q regards 
the two distinct charged regions induced in the semiconducting electrodes during the 
electrochemical processes. By one side, RH and CH are the resistance and the capacitance at 
the Helmholtz double layer, respectively, formed at the titania/electrolyte interface and 
consisting of charged ions from the electrolyte adsorbed on the solid electrode surface. On 
the other side, Rdl and Cdl are the resistance and the capacitance on the depletion layer in the 
semiconductor, respectively. This is the space charge layer (depleted of majority charge 
carriers) formed in the semiconductor side, adjacent to the interface with the electrolyte, 
across which a potential gradient exists [38, 39].  
In general, a good agreement between experimental and fitted data has been obtained, as can 
be seen through the perfect correlation between the markers and the straight lines in Figures 
2.9a and 2.9b. Table 2.2 reports a summary of the parameters calculated through the fitting 
procedure; there, the process time constants were calculated though the following expression:  
                                                                   (2.4) 
From Table 2.2 it can be seen that the series resistance is similar in all the experiments, as 
expected, since it is mostly influenced by both the solution conductivity and the distance 
between the electrodes, which were maintained constant among all the tests. Moreover, in 
both dark and light conditions, as the Tween 20/TTIP ratio is increased, it is observed a 
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gradual increase in the oxide layer capacitance, Cdl, and a reduction on the transport 
resistance, Rdl. Thus, the time constant for the charge transfer inside the semiconductor (dl) 
remains quite stable till R = 0.75. After that value, the Cdl increases by more than 3 times and 
consequently the dl  follows the same trend, as shown in Figures 2.10b. The slower charge 
transport in the titania film with R = 1 could be caused by: a) its higher thickness, that 
induces a longer and tortuous pathway, with a consequent higher probability of electron-hole 
recombination, b) a worse interconnection between the smaller particles due to the higher 
porosity in the structure. Nevertheless, the difference on dl values between R = 0.25 and R = 
1 is less than one order of magnitude. Thus, the slower transport in the films with higher R 
has a lower influence on the photo-catalytic activity with respect to the higher quantity of 
TiO2 material available for the reaction. Concerning the CPE index ndl, all the values reported 
in Table 2.2 are almost equal to unity, so they are independent on the Tween 20/TTIP ratio. 
This result has to be expected, since the CPE index can be regarded as an ideality factor of 
the capacitance, and in the case of the depletion layer inside the TiO2 a quasi-ideal behavior 
can be associated to the Cdl. 
Conversely, the higher is R the lower are the capacitance and the resistance values in the 
Helmholtz layer (CH, RH), under both dark and illumination. Thus, the charge transfer at the 
interface between the electrolyte and the titania nanoparticles is twice faster, i.e. H is reduced 
by about a half, for every rise in R of 0.25. This result is in good agreement with the higher 
surface area and pore volume of the titania films prepared with a higher surfactant quantity. 
In fact the enhancement of the surface area permits a more intimate contact between the 
titania nanoparticles and the electrolytic solution, responsible for the reduction of the charge 
transfer resistance RH. In this case, the CPE index values nH show a dependency on the 
Tween 20/TTIP ratio, as a consequence of the increasing of the porosity for high R values, 
which leads to the formation of a semiconductor/electrolyte interface that cannot be 
considered as “flat”. 
Moreover, upon illumination, even if the CH values slightly increase due to the accumulation 
of the photo-generated charges at the electrolyte/semiconductor interface, a further decrease 
of the H values is observed in Figure 2.10b. This has to be ascribed to the considerable 
reduction of the RH values, as a consequence to the faster kinetics of the water oxidation 
reaction in the light. Thus, the lower H values of the film with higher R ratio, leads to a 
comprehensive faster charge transfer in the oxide-solution interface and, therefore, to an 
increased reaction rate at the surface of the photocatalyst [39, 40].  
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In addition, the dl values are also lower under illumination, and this reflects the reduction of 
the impedance values already noticed in the Figure 2.9a, which are a consequence of both the 
faster electron conduction in the porous material and the reduction of carriers recombination 
[39]. On the other hand, it is worth of notice that the increase in the photo-current (reported in 
Figure 2.8) with the increase of R follows the trend of the charge transfer in the double layer 
(see Figure 2.10c), thus indicating that this is the limiting step in the water oxidation process. 
Therefore, H is one of the most important parameters that must be tuned for the 
improvement of water splitting photocatalyst materials. 
 From the analysis of the photo-electrochemical and EIS results, it is evident that the photo-
catalytic performance of the films is not only a function of the thickness of the electrodes, but 
it also depends on the good quality of the material and the nature of the structure: 
crystallinity, surface area, good interconnection among the particles, porosity, optical 
properties, etc [39]. Thus, the higher performances exhibited by the R = 1 film is a 
combination of the higher thickness reached after only one deposited layer, together with the 
high quality of the obtained material. 
 
Figure 2.10. (a) Equivalent circuit used for the modeling of EIS results. (b) and (c): time 
constants calculated from EIS measurements on one layer films made with different Tween 
20 loadings, at -0.1 V vs. Ag/AgCl, in the dark and under UV-Vis illumination 
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Table 2.2. Parameters calculated from the fitting of EIS results on titania films made with 
different Tween 20 loadings at -0.1V vs. Ag/AgCl, in dark and under UV-Vis light 
 R Rs (Ω) dl (s) Cdl (F) Rdl (Ω) ndl H (s) CH (F) RH (Ω) nH 
dark 
0.25 18.39 2.10E-02 2.14E-03 9.812 1.00 6.04 1.22E-03 4957 0.89 
0.5 17.13 1.65E-02 2.06E-03 8.005 1.00 3.16 8.51E-04 3709 0.81 
0.75 11.54 2.39E-02 3.41E-03 7.01 1.00 1.41 5.53E-04 2544 0.75 
1 9.622 7.80E-02 1.27E-02 6.146 0.96 0.684 3.71E-04 1843 0.69 
light 
0.25 17.34 1.21E-02 1.36E-03 8.89 0.96 5.53 2.74E-03 2018 0.92 
0.5 15.69 1.16E-02 1.60E-03 7.28 0.98 2.56 1.33E-03 1926 0.89 
0.75 11.44 1.32E-02 2.03E-03 6.49 0.99 1.13 8.08E-04 1401 0.81 
1 8.942 6.52E-02 1.10E-02 5.951 0.96 0.561 4.42E-04 1270 0.65 
 
2.3.4.3. Stability and photoactivity of multi-layer films 
Figure 2.11 shows the anodic currents for different cycles of darkness and UV-Vis 
illumination. The anodic photocurrent appeared immediately after the light was turned on, 
due to instantaneous photo-induced electron transition to the conduction band, and then 
slightly increases until steady state photocurrent is reached. When the light was turned off, 
the photocurrent decreased quickly down to zero. No decay in the photocurrent of any of the 
films have been observed after the multiples light ON-OFF cycles, so confirming the good 
stability and adhesion of the material in the substrate.  
Regarding the performance of the multiple layer films, Figure 2.11a shows an increase of 
about 67% in the photocurrent density of the one layer TiO2 film per every additional layer 
with R = 0.25.  Figure 2.11b and 2.11c show that for films made with R = 0.5 and 0.75, the 
photoactivity increases by 25% only when passing from one to two layers, while no changes 
(with R = 0.5) or even a few reduction (with R = 0.75) is observed by the coating of a third 
layer. Finally, a decrease in the photocurrent density is noticed in Figure 2.11d with the 
increase in the number of layers using R = 1. This result is related to the few increase in the 
thickness already seen in Figure 2.7, that has been explained by the decrease in the adhesion 
between successive deposited layers, when the higher amounts of surfactant (R = 0.75 and 1) 
have been used. 
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However, it should be emphasized that increasing film thickness with the addition of the 
Tween 20 surfactant can improve the photocatalytic activity of these TiO2 films from the first 
deposited layer, through the contribution in the porous structure. Results in Figure 2.11 show 
that the optimum number of layers is three for TiO2 films made with R = 0.25, while the 
optimum number of layers is only one for TiO2 films with R = 1. Considering that they have 
similar pore size, it is believed that a much higher porosity of TiO2 film (with the higher 
surfactant loading) could cause more number of water molecules to pass through the upper 
surface of the film, that will moreover found a higher number of reactive sites due to the 
higher thickness. 
 
 
Figure 2.11. Current density vs. time of TiO2 films with different number of layers and 
different Tween 20/TTIP molar ratios, at -0.1 V vs. Ag/AgCl under multiple dark-light cycles 
 
 
 44 
 
2.4. Conclusions 
A new and low-cost synthesis procedure has been implemented for the fabrication of thick, 
mesoporous, transparent and crackless TiO2 films, using an Acetic acid catalyzed sol gel 
synthesis with a high water ratio modified by the addition of a non-ionic surfactant. The high 
porosity, surface area, homogeneity and amount of material deposited on the substrate 
surface, together with the good electronic transport and stability over time, result in an 
improved photo-catalytic performance of the titania films. Such enhanced features, 
demonstrated for the photo-electrochemical water splitting reaction, are promising for other 
applications, in particular, if such highly mesoporous films could be used as supports for both 
visible-light harvester or catalysts materials, able to increase the efficiency of the titania films 
by improving light absorption, in the former case, or by reducing the activation overpotential, 
in the latter. Finally, the titania films prepared with this procedure could also be used in 
technological processes as interconnection layer between different nanostructured metal 
oxides, which has been made for instance to bond free-standing TiO2 nanotubes membranes 
into a transparent conductive oxide to be used in a solar energy production system (i.e. dye 
sensitized solar cell) [41].  
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Chapter 3  
 
Comparison of photocatalytic and transport properties of TiO2 and ZnO 
nanostructures for solar-driven water splitting 
 
3.1. Introduction 
With increasing concern over the fossil fuel depletion and the environment degradation, 
energy is one of the greatest issues facing humanity in the coming years. Hydrogen, present 
in the water molecules, is an efficient energy carrier and is also environment friendly: so 
using solar energy to split water into oxygen and hydrogen (also called “artificial 
photosynthesis”) is a key point towards the development of sustainable and renewable energy 
devices. 
More than 40 years after the pioneering work of Fujishima and Honda [1], the search for 
suitable semiconductors to be employed for the water dissociation into molecular hydrogen 
and oxygen is still an open challenge. It has been found [2] that the photochemical water-
splitting reaction can be catalyzed by over 140 metal oxides, perovskites and oxynitrides, and 
the principal controlling factors of the photocatalysis activity have been identified. 
Nevertheless many questions concerning the molecular mechanisms of water reduction and 
oxidation and the charge transfer dependence on the electronic and structural properties have 
not been completely solved, and the ideal semiconducting photocatalyst has still to be 
identified. At the same time, research efforts focused on proposing artificial photosynthesis 
devices have recently greatly increased in number and importance, but functional prototypes 
with convenient efficiencies are yet to be fabricated [3]. 
The H2 photocatalytic generation involves three principal steps: (i) absorption of photons 
(with energy higher than the semiconductor band gap (Eg) and consequent generation of 
electron/hole (e
-
/h
+
) pairs in the semiconductor, (ii) excited charge carriers separation and 
migration within the semiconductor, and (iii) surface reaction of the carriers with water 
molecules. To provide the water splitting, the bottom of the semiconductor conduction band 
must be in a more negative energy position with respect to the reduction potential of water to 
produce H2; and the top of the valence band must be more positive than the oxidation 
potential of water to produce O2. Furthermore, the photo-catalyst must be stable in aqueous 
solutions under photo-irradiation. The total amount of generated H2 molecules is determined 
by the amount of excited electrons at the water/photo-catalyst interface capable of reducing 
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water. Charge recombination and separation/ migration processes are the two most important 
competitive processes that largely affect the efficiency of the photocatalytic reaction. Charge 
recombination reduces the number of e
-
/h
+
 pairs by emitting light or generating phonons. 
Efficient charge separation, fast charge carrier transport and limited bulk/surface charge 
recombination, are thus fundamental characteristics for an optimal semiconductor 
photocatalyst material.  
Since 1972 [1], titanium dioxide (TiO2) has been the most commonly studied material for 
photocatalysis. It exhibits an appropriate band gap of about 3.2 eV, together with high 
photocatalytic efficiency, good chemical and optical stability, optimal environmental and 
biological compatibility [4]. Zinc oxide (ZnO) has also been largely considered because of its 
band gap energy, that is comparable to TiO2 [5], with the energy levels located almost at the 
same positions, its higher electron mobility and lifetime [6], relatively lower production costs 
and easy fabrication under a variety of nanostructures such as nanowires, nanoribbons, 
nanobelts, nanocombs, nanospheres, nanofibers, nanotetrapods [7]. Up to now TiO2 and ZnO 
are close to be ideal photocatalysts. They are relatively inexpensive and they provide photo-
generated holes with high oxidizing power due to their wide band gap energy. Unfortunately 
their solar-to-hydrogen efficiency is limited by the high band gap and the many electron-hole 
recombination centers [8]; moreover, ZnO has the disadvantage of a facile dissolution under 
UV light irradiation in aqueous solution [9]. 
Different routes have been adopted for enhancing the photocatalyst performances. Based on 
the fact that size, shape and also defects significantly affect the final performances, the 
optimization of the morphology and the crystalline structure has been studied, and a large 
variety of micro and nanostructures has been suggested [10]. In particular, one-dimensional 
nanostructures such as nanorods, nanotubes and nanowires have emerged as very promising 
alternative to nanoparticle-based architectures: the cylindrical and/or tubular configuration is 
very convenient to increase the surface area without affecting the total geometric surface and 
the unidirectional electric channel should allow a better charge transport [11]. Moreover, 
many strategies to change the chemical composition and surface properties of the 
semiconductor have been tried, for instance by ion implantation, doping, dye sensitization 
[12] or hydrogenation [13], and also hybrid nanostructures have been proposed, such as core-
shell nanocomposites, which consist of an inner nanostructure encapsulated inside an outer 
shell of a different material. In particular, for water splitting reactions, the ZnO@TiO2 core-
shell heterostructures offer fine advantages: the TiO2 shell functions as a protective layer to 
reduce the ZnO degradation and the multi-dimensional contact permits to fully utilize the 
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heterojunction between the two semiconductors, which exhibits very favorable electron-
transfer properties that are beneficial to an effective separation of the photo-generated e
-
/h
+ 
pairs [14]. 
In this chapter, the aim is to compare the photo-electrochemical (PEC) properties of four 
different photo-electrodes based on TiO2 and ZnO nanostructures having the same active area 
and similar thicknesses, for the light-activated water splitting under simulated sunlight 
(AM1.5G) conditions. The examined nanostructured electrodes are composed of: (i) TiO2 
nanoparticles (TiO2 NPs) in a mesoporous film prepared by sol-gel and spin-coating 
technique on Fluorinated Tin Oxide (FTO)-covered glasses, (ii)  TiO2 nanotubes (TiO2 NTs) 
grown on Ti foils [16], (iii) ZnO nanowires (ZnO NWs) and (iv) ZnO@TiO2 core-shell 
structures grown on FTO-covered glass substrates. TiO2 NPs film was deposited following 
the experimental procedure described in Chapter 2 and publish by Hidalgo et al., [15]. Both 
TiO2 NTs  and ZnO NWs [17] materials were synthesized by different research group at 
Istituto Italiano di Tecnologia initially for application in Solar Cells and Electronic Devices 
and, in this chapter is presented the electrochemical characterization of the mentioned 
materials with application in water splitting. Finally, ZnO@TiO2 core-shell structures 
fabricated by covering the ZnO nanowires with sol-gel synthesized TiO2 nanoparticles [18, 
19].  
All the four nanostructures were synthesized ad hoc and the thicknesses of the four 
photocatalytic nanostructures have been fixed at about 1.5 μm. The morphological and 
optical properties obtained for the four nanostructures are presented and discussed. The PEC 
properties have been obtained through linear sweep voltammetries in the dark and under 
simulated sunlight (100 mW/cm
2
). The different charge transport mechanisms and interfacial 
kinetics for the solar activated water splitting reaction have been studied by means of 
electrochemical impedance spectroscopy (EIS) analysis. The role of key parameters such as 
electronic properties, specific surface area and photo-catalytic activity on the performance of 
these materials are analyzed in view of the practical application of these nanostructures in a 
solar water splitting device. 
The results of this research are part of the publication entitled: “Comparison of photocatalytic 
and transport properties of TiO2 and ZnO nanostructures for solar-driven water splitting”. S. 
Hernández, D. Hidalgo, A. Sacco,  A. Chiodoni, A. Lamberti, V. Cauda, E. Tresso, G. 
Saracco. (2015) Physical Chemistry Chemical Physics. Submitted.  
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3.2. Experimental  
3.2.1. Synthesis of the nanostructures 
3.2.1.1. TiO2 nanoparticles film fabrication by sol-gel synthesis  
Titanium (IV) isopropoxide (TTIP, 97%), glacial acetic acid (AcOH, 99.7%) and the 
surfactant Tween 20, all from Sigma Aldrich were used as purchased. Firstly, TTIP was 
hydrolyzed in glacial AcOH and then the Tween 20 was added under vigorous stirring. The 
mixture was added dropwise to the deionized water and the final solution was aged under 
continuous stirring for 48 h at ambient temperature. TTIP, glacial AcOH, Tween 20 and 
water were at fixed molar ratios 1:10:1:300. The obtained solution was treated in a rotary 
evaporator at 40 °C for 2 h under vacuum conditions. The final sol containing the TiO2 
nanoparticles, homogeneous and stable for weeks, has then been used for the preparation of 
the TiO2 NPs film. The sol was deposited onto FTO-coated glass (7 Ω/sq from Solaronix) in 
an exposed area of 2 cm x 2 cm by spin-coating technique using a two-step deposition 
program: (1) 500 rpm for 10 s followed by (2) 3000 rpm for 10 s. The deposited film was 
dried at 360 °C for 30 min before spin-coating every successive layer. A total of three 
deposited layers was reached. Finally, the film was annealed at 500 °C in air using a heating 
rate of 1 °C/min, followed by natural cooling to room temperature. Further details of the 
synthesis and characterization of this films are described in Chapter 2. 
 
3.2.1.2. TiO2 nanotube arrays fabrication by anodic oxidation 
TiO2 nanotube arrays were grown by a quick anodic oxidation of Ti foil (250 µm thick, 
99.6%-purity, Goodfellow) in an electrolytic solution made of 0.5 wt% NH4F (98%, Sigma 
Aldrich) and 2.5 wt% deionized water in ethylene glycol (99.5%, Sigma Aldrich). The Ti 
foils were manually cut in 2 cm x 4 cm pieces and carefully cleaned by ultra-sonication in 
acetone and subsequently in ethanol. A rapid etching in a HF (1 wt%) aqueous solution was 
performed in order to remove the native oxide on the commercial Ti foil and to obtain a fresh 
surface for NTs growth. Afterwards the samples were masked with a polyimide-based tape 
(exposed area 2 cm x 2 cm) and used as anode in a two-electrode electrochemical cell (a 
platinum foil was used as counter electrode) under continuous stirring in ambient conditions. 
Anodization was performed applying a 60 V potential for 5 min in order to obtain a NTs 
carpet with thickness ranging between 1.5 and 1.9 µm. Finally, the TiO2 NTs were annealed 
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at 450 °C (30 min heating ramp, 30 min in temperature, cooling down in 2 h) to crystallize 
them into anatase phase. More details on the process are given elsewhere [16, 20]. 
 
3.2.1.3. ZnO nanowires grown by hydrothermal synthesis 
ZnO nanowires were obtained by hydrothermal route with a conventional approach [17] 
using two steps: first the preparation of a ZnO seed-layer on the FTO glass substrates (with 
an exposed area of 2 cm x 2 cm), and second the NWs growth. Briefly, the seeded substrates 
were obtained by dip coating (speed 375 mm/min) the FTO-covered glass in a 10 mM 
solution of zinc acetate (Sigma, purity 98%) in ethanol and then calcining them in air at 350 
°C for 1 h (heating rate 5 °C/min). Afterwards, the ZnO NWs were grown by immersing the 
seeded substrates in a 100 mL water solution of zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 25 
mM, 98%, Sigma-Aldrich), hexamethyleneteramine (HMT, 12.5 mM, Sigma-Aldrich), 
polyethyleneimine (PEI, 5mM, average Mw ≈ 800, Sigma-Aldrich) and ammonium 
hydroxide (NH4OH, 28%, 320 mM, Sigma-Aldrich) for 2 h at 88 °C under stirring (300 rpm). 
The obtained ZnO NWs were then thermally treated in air at 500 °C for 1 h (heating rate 
1°C/min). 
 
3.2.1.4. ZnO@TiO2 core-shell heterostructures prepared by sol-gel 
impregnation 
The ZnO@TiO2 core-shell structures were obtained by immersing for 10 min the ZnO NWs 
grown on FTO glass substrate in a non-acid titania precursor solution constituted by 0.46 M 
titanium isopropoxide (TTIP, 97%, Sigma-Aldrich), 0.28 M acetylacetone (99%, Fisher 
Aldrich) and 0.92 M bi-distilled water (from a Direct-Q, Millipore system) in 5 mL of 1-
butanol (anhydrous, 99.8%, Sigma-Aldrich) under stirring at room temperature. The sample 
was then dried in horizontal position and thermally treated in air at 450 °C for 30 min 
(heating rate 1 °C/min) for the complete titania crystallization into anatase phase. 
   
3.2.2. Morphological and optical characterization 
The morphology and the structural properties of the different nanostructures were 
investigated by means of Field Emission Scanning Electron Microscopy (FESEM) using 
either a ZEISS Auriga or a ZEISS Merlin, and by means of a FEI TECNAI F20ST Bright-
Field Transmission Electron microscope (BF-TEM) and Scanning Transmission Electron 
Microscope (STEM, equipped with High-Angle Annular Dark Field (HAADF) detector). The 
samples for TEM/STEM characterization were prepared by detaching the nanostructures 
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from the substrate, dispersing them in ethanol employing an ultrasonic bath, and putting a 
drop of the dispersion on the top of a holey carbon copper grid. The mean geometrical 
dimensions of the different nanostructures, obtained by FESEM images, have also been used 
to calculate their geometrical surface (GS). The UV–visible spectra were recorded with a 
Cary 5000 Scan UV–visible spectrophotometer, using a diffuse reflectance integrating 
sphere. All spectra were recorded in both Kubelka-Munk function F(R) and total reflectance 
(% R) modes and background subtracted.  
 
3.2.3. Photo-electrochemical characterization 
The PEC experiments were performed in a Teflon reactor equipped with a quartz window for 
frontal illumination. All the tests were carried out in a three electrodes configuration using 
the TiO2 NPs film, TiO2 NTs, ZnO NWs or ZnO@TiO2 core-shell heterostructures as the 
working electrodes for the water photo-electrolysis reaction, a platinum wire as the counter 
electrode, and an Ag/AgCl (KCl 3 M) as the reference electrode, in 0.1 M NaOH aqueous 
electrolyte (pH = 12.7). N2 was bubbled through the electrolyte solution for 30 min before the 
tests. The electrochemical measurements were performed using a multi-channel VSP 
potentiostat/galvanostat (by BioLogic), with EC-Lab
®
 software (version 10.1x) for data 
acquisition. The current-voltage (I-V) characteristic curves were recorded by means of Linear 
Sweep Voltammetry (LSV) at a scan rate of 10 mV/s, when a constant open circuit voltage 
was achieved, varying the applied potential from -0.9 V to 0.8 V vs. Ag/AgCl, in the dark and 
under AM1.5G simulated sunlight (using a 450 W Xe lamp by Newport with an AM1.5G 
filter and a water filter model 6123NS) using a power density of 100 mW/cm
2
 (including 3.7 
mW/cm
2
 in the UV range: 280 to 400 nm).  The irradiance was measured by means of a Delta 
Ohm Photo-radiometer model HD2102.1. Chrono-amperometric (I-t) tests were carried out to 
examine the photo-response of the nanostructures over time at -0.1 V vs. Ag/AgCl (0.86 
VRHE) under continuous ON-OFF light cycles, with the same illumination condition used for 
the LSV. Further LSV were recorded with the TiO2 NTs and the ZnO@TiO2 core-shells with 
a higher light intensity than in the previous tests, using 220 mW/cm
2
 (having an UV 
contribution of 14 mW/cm
2
). The measured potentials versus the Ag/AgCl reference 
electrode were converted to the reversible hydrogen electrode (RHE) scale via the Nernst 
Equation (1): 
                               
                                           (3.1) 
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where ERHE is the converted potential vs. RHE  in V vs. RHE (VRHE), EAg/AgCl is the 
experimental potential measured against the Ag/AgCl reference electrode in V vs. Ag/AgCl 
(VAg/AgCl), and E
o
Ag/AgCl is the standard potential of Ag/AgCl (KCl 3 M) at 25 
o
C (i.e. 0.21 V). 
EIS curves were recorded using the same potentiostat described above, from 0.1 Hz to 100 
kHz, with AC amplitude of 25 mV, at different applied potentials from -0.5 to 0.5 V vs. 
Ag/AgCl, in the dark and under AM1.5G simulated solar light (100 mW/cm
2
). EIS for Mott-
Schottky plots were performed at a frequency of 5 kHz, with AC amplitude of 20 mV, from -
0.8 to 0.7 V vs. Ag/AgCl with a scan step of 0.1 V.  
 
3.3. Results and discussion 
3.3.1. Morphology and structure 
Figure 3.1 reports the 45° tilted FESEM views of the TiO2 NPs and of the different vertically 
aligned nanostructures. All the four considered nanostructures have a comparable thickness 
(see Figure 3.1), which is about 1.5 µm. Figure 3.1a shows the TiO2 NPs film, which is 
uniform and continuous, characterized by nanoparticles with a size between 7 to 13 nm, 
interconnected in a mesoporous network [15]. As shown in Figure 3.1b, the TiO2 NTs grown 
by anodic oxidation are vertically arranged with respect to the Ti foil. The TiO2 NTs are 
closely packed, with an outer diameter (o.d.) in the range 100 - 130 nm and inner diameter 
(i.d.) around 70 nm [16]. The ZnO NWs, shown in Figure 3.1c, are almost vertically aligned, 
with a diameter ranging between 100 and 200 nm. Finally, Figure 3.1d put in evidence the 
good coverage of the ZnO NWs with the titania shell made of crystalline anatase 
nanoparticles [18, 19]. 
The different nanostructures have also been investigated with the TEM technique, both in 
BF-TEM and in STEM modes, as shown in the Figure 3.2. 
In Figure 3.2a, two BF-TEM images at different magnification show the TiO2 nanoparticles 
in the anatase crystalline form, as put in evidence by the selected area electron diffraction 
(SAED) analysis (not reported here) and by the Fast Fourier Transform (FFT) in the inset. The 
size of the particles is in the range 10-20 nm, in agreement with the previously reported 
FESEM characterization. 
In Figure 3.2b, the BF-TEM characterization of the TiO2 NTs is reported with different 
magnifications. The lower magnification put in evidence the shape of the TiO2 NTs, where 
the wall, with a thickness of about 25 nm, is clearly visible. The high-magnification images 
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collected in two distinct regions of the NTs confirm the poly-crystallinity of the TiO2 NTs, 
which are constituted by anatase phase [16].  
 
 
Figure 3.1. 45° tilted view FESEM characterization at two different magnifications and 
schematic representation indicating the e- flow path of the different nanostructures: (a) TiO2 
NPs, (b) TiO2 NTs, (c) ZnO NWs and (d) ZnO@TiO2 core shells 
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Figure 3.2c shows two ZnO NWs BF-TEM images at two different magnifications, in which 
it is clear in the good crystallinity and the preferential orientation along the (002) direction of 
the ZnO NWs [18], as put in evidence by the FFT in the inset.  
For what concerns the ZnO@TiO2 core-shell structures, the HAADF STEM images at two 
different magnifications in Figure 3.2d evidence the good coverage of the ZnO NWs (brighter 
color, higher atomic number) with the titania shell (darker color, lower atomic number) with 
an average thickness of about 20-50 nm, made of crystalline anatase nanoparticles [18, 19]. 
 
 
Figure 3.2. TEM characterization of the different nanostructures. (a) BF-TEM images at two 
different magnifications of TiO2 NPs; in the inset, the FFT of the high magnification image is 
reported. (b) BF- TEM of TiO2 NTs at different magnifications. (c) Bright Field TEM of a 
group of ZnO NWs; in the inset, the FFT of the high magnification image is reported.  (d) 
HAADF STEM of ZnO@TiO2 core shell: in the inset, a detail of the core-shell with an higher 
magnification is put in evidence 
 
3.3.2. Optical properties  
The UV–Vis spectra of the four studied TiO2 and ZnO nanostructures, in Kubelka-Munk 
function F(R) and total reflectance (% R) modes are reported in Figures 3.3a and 3.3b.  
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Figure 3.3. Optical measurements: (a) Kubelka-Munk spectra, (b) total reflectance and 
optical band gap for the samples: TiO2 NPs film (green line), TiO2 NTs (black line), ZnO 
NWs (blue line) and ZnO@TiO2 core-shell structures (red line) 
 
As it is well known, F(R) is directly proportional to the absorbance. In the range from 200 to 
400 nm, the F(R) is higher for the bare ZnO NWs than for the ZnO@TiO2 core-shell sample 
and even for the pure titania nanomaterials, i.e. TiO2 NTs and NPs film. Consistently, the 
spectra recorded in total reflectance mode (Figure 3.3b) of both titania materials (NTs and 
NPs film) show a strong increase of the light scattering in the UV range (from 200 to 400 
nm), whereas lower scattering is observed for the core-shell sample and is even lower for the 
bare ZnO NWs. This behavior is attributed to the high degree of crystallinity of the titania-
based nanostructures and of the TiO2 shell deposited on the ZnO NWs (consistent with the 
TEM and X-ray diffraction patterns reported elsewhere [18, 19]), thanks to the thermal 
treatment at relatively high temperature (see the experimental section for details). In addition, 
high scattering levels are expected for rough nanostructures with a high surface area. This is 
the case of the TiO2 NPs film [15], the TiO2 NTs [20] and of the core-shell structure [19] due 
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to the titania nanoparticles that constitute the shell. The optical band gap values were 
estimated by using the Tauc’s method (see Section 2.3.2) and are reported in the inset of 
Figure 3.3b. The bare ZnO NWs shows a higher Eg value (3.31 eV) than both the core–shell 
material (3.25 eV) and the nanostructured titania samples, i.e. TiO2 NTs (3.27 eV) and TiO2 
NPs film (3.23 eV). The lower band gap values obtained for the core-shell, the TiO2 NTs and 
TiO2 NPs samples are attributed to the presence of anatase TiO2, which Eg has been reported 
to be about 3.2 eV [4]. Therefore, the narrowing of the Eg in the core-shell nanostructure 
with respect to the pure ZnO NWs is easily explained [18]. 
 
3.3.3. Photo-electrochemical activity for the water splitting reaction  
The PEC behavior of the TiO2 NPs, TiO2 NTs, ZnO NWs and the ZnO@TiO2 core-shell 
heterostructures was evaluated using the prepared photoanodes, which have the same active 
area (4 cm
2
), for the water photo-electrolysis reaction in 0.1 M NaOH solution (pH = 12.7). 
Figure 3.4a reports the LSV behavior recorded with the four photoanodes. From the LSV 
scans in dark conditions, from 0.1 to 1.8 VRHE, a tiny current in the range of 10
-4 
mA/cm
2
 was 
obtained for all the nanostructures until reaching the onset potential (E
o
) for the water 
oxidation reaction at about 1.75 VRHE. As expected, the E
o 
is reached at potential higher than 
the theoretical one (E
o 
= 1.23 VRHE), due to the high overpotential effect of TiO2 and ZnO 
semiconductors. In contrast, during the LSV under simulated sunlight irradiation (AM1.5G, 
100 mW/cm
2
), a sudden increase of the photocurrent is observed at potentials more negative 
than the redox potential E
o
, because part of the energy required for the oxidation is provided 
by the light. These results are in agreement with the behavior expected for a n-type 
semiconductor [21]. Under sunlight illumination, the photocurrent density (J) of the TiO2 
NPs and TiO2 NTs showed an important rise starting at about 0.17 and 0.19 VRHE, 
respectively, reaching a maximum J value of 0.02 and 0.12 mA/cm
2
 at about 0.3 VRHE and 
0.6 VRHE, respectively, which is associated with the saturation of the TiO2 semiconductor [15, 
22]. In contrast, the ZnO NWs showed a pronounced increase of the photocurrent starting at 
about 0.40 VRHE, which continues to rise until reaching a maximum J of 0.45 mA/cm
2
 at 1.7 
VRHE. The ZnO@TiO2 core-shell electrodes showed similar behavior, but with an enhanced 
photo-response, reaching a maximum photocurrent density of 0.63 mA/cm
2
 at 1.7 VRHE, 
value that is about 1.5 times higher than the one obtained for the ZnO NWs. The larger 
photocurrents observed with the 1D-nanostructures (TiO2 NTs, ZnO NWs and ZnO@TiO2) 
with respect to the TiO2 NPs film (even if they have a similar thickness) could be explained 
by a more efficient electron injection at the semiconductor-electrolyte interface and a faster 
 58 
 
electron transport from the photoanode to the substrate, which results in a higher number of 
collected photoelectrons [18, 19, 23].  
Additionally, it is worth to note that by coupling the ZnO NWs with a shell of TiO2 NPs a 
significant increase of the photocurrent density during the water photo-electrolysis reaction is 
obtained. Indeed, this is related to the absence of a photocurrent saturation region, as occurs 
with TiO2 NPs and TiO2 NTs photoanodes upon illumination [24]. Therefore, these results are 
promising in comparison with other results reported in the literature for the water photo-
electrolysis using TiO2 and ZnO nanostructures [24, 25]. For instance, a J lower than 0.3 
mA/cm
2
 at 1.8 VRHE was reported by using nanocoral structures of ZnO [26] and N-doped 
ZnO NWs [24]. The photo-activity demonstrated by the ZnO@TiO2 core-shell sample is also 
in-line with recent results on pure and N-doped rutile TiO2 NWs (~ 1.6 μm) [27]. Even 
though, these values are still smaller than those recently obtained by the coupling of ZnO 
with visible light absorbing semiconductors, e.g. ZnO-CdS core-shell NWs [28] and ZnO 
NWs sensitized with CdS/Se quantum dots [29].  
The solar-to-hydrogen efficiency (STHE) of each sample type under sunlight illumination 
was calculated from the I-V data according to the expression [30]:  
                                                                                                                    (3.2) 
where Ji is the photocurrent density at the measured bias, ERHE is the applied bias vs. RHE, 
and Ilight is the irradiance intensity (100 mW/cm
2
).  The STHE curves in Figure 3.4b show 
that the maximum of the curves for the four studied samples increases in the following order: 
TiO2 NPs, ZnO NWs, TiO2 NTs and ZnO@TiO2, according to the following values: 0.013 %, 
0.047 %, 0.071 % and 0.073 %, respectively. A significant increase of the STHE was 
obtained using the 1D-nanostructures with respect to TiO2 NPs, due to their higher 
photocurrent densities [18, 19, 23].  
It is worth to note that both the TiO2 NTs and the ZnO@TiO2 samples gave similar maximum 
STHE but at different applied potentials, being lower for the NTs (i.e. 0.5 VRHE) than for the 
core-shell sample (i.e. 0.9 VRHE). This feature could likely be explained by the different 
photo-catalytic and transport properties of these two materials. In fact, the open circuit 
voltage (OCV), i.e. the voltage corresponding to J = 0, is an approximated measure of the flat 
band potential, which is an important parameter for semiconductor electrodes. Actually, this 
determines the band edge positions at the semiconductor–electrolyte interface, thus fixing the 
energies of conduction band electrons and valence band holes reacting with the electrolyte 
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solution [31]. So, the shift of the OCV towards lower values is another indication of a better 
photocatalytic activity. The results in the inset of the Figure 3.4a indicate that both the TiO2 
NPs and the TiO2 NTs samples have a lower flat band potential than the ZnO-based 
materials. Indeed, the TiO2 NTs and NPs report almost the same OCV (about 0.20 VRHE). 
Therefore, both the TiO2 nanostructures present the onset E
o
 at a lower value with respect to 
both the ZnO-based materials, as well as the coating of the ZnO NWs with the TiO2 anatase 
shell results in an improved photocatalytic performance compared to the bare ZnO NWs. In 
fact, the increased photocurrent density of the ZnO@TiO2 sample is reflected by both its 
higher STHE with respect to the ZnO NWs and the left-shift in the OCV, from 0.45 VRHE (for 
ZnO NWs) to 0.34 VRHE (for core-shell sample). The origin of this effect can rely on different 
reasons. First, well crystallized TiO2 nanoparticles on the TiO2 NPs, TiO2 NTs or deposited 
on the surface of the ZnO NWs (in the core-shell sample) could effectively diminish the 
surface recombination sites, thus increasing the recombination resistance between electrons 
in the photoanode and holes in the electrolyte, leading to longer charge life-time [14, 32]. On 
the other hand, electron transport within single crystalline ZnO NWs in the core-shell sample 
must be faster than in the pure NWs, due to a better charge separation induced by the 
formation of an heterojunction at the interface between the well crystallized ZnO and TiO2 
materials [14], which was confirmed by TEM and diffuse reflectance analysis (explained 
above).  
In order to investigate the photo-corrosion properties of the TiO2 and ZnO nanostructures, the 
stability of the photoanodes was investigated as a function of time. Figure 3.4c shows the I-t 
curves of all samples working at -0.1 V vs. Ag/AgCl (0.86 VRHE). This potential was chosen 
since it is a representative value after the photocurrent saturation for both the TiO2 
nanostructures and is, as well, the potential of the maximum STHE for the ZnO NWs and 
ZnO@TiO2 samples. The maximum photocurrent densities reached at this potential for all the 
samples increase in  the order: TiO2 NPs, TiO2 NTs, ZnO NWs and ZnO@TiO2, according to 
the following values: 0.016, 0.12, 0.14 and 0.19 mA/cm
2
, respectively, which are in 
agreement with the J values reported in the LSV (see Figure 3.4a). The same trend was also 
found at higher potentials. Moreover, a good photo-current stability was observed for all the 
four samples under numerous light ON-OFF cycles for a long period of time (38 min). 
However, an initial stage of photo-degradation of the pristine ZnO NWs was observed by 
FESEM analysis [19], in contrast with both the TiO2 NPs and the ZnO@TiO2 samples. This 
fact is due to the low photo-corrosion resistance of the ZnO directly exposed to the NaOH 
electrolyte. 
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Figure 3.4. Photoelectrochemical characterizations for the samples: TiO2 NPs film (green 
line), TiO2 NTs (black line), ZnO NWs (blue line) and ZnO@TiO2 core-shell structures (red 
line). (a) LSV collected with a scan rate of 10 mV/s in the dark and under illumination 
(AM1.5G, 100 mW/cm
2
); (b) Solar-to-hydrogen efficiency as a function of the applied 
potential; and (c) Chrono-amperometric (I–t) curves at an applied potential of -0.1 V vs. 
Ag/AgCl under illumination with 120 s light ON/OFF cycles 
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It is important to point out that for a feasible application of a water photo-electrolysis device, 
the anodic photo-electrodes should present: (i) a high UV-Vis light absorption, (ii) a reduced 
overpotential for the water oxidation reaction, and (iii) efficient charge transport properties to 
be able to sustain high photo-current densities. If these conditions are satisfied, the photo-
electrodes would be able to reach STHE values of 10 – 15 %  with the minimum applied bias 
[33]. The best performing materials here studied, the TiO2 NTs and the ZnO@TiO2 core-shell 
samples, have different advantages and constrains that must be taken into consideration. With 
this aim, the relationship between the transport and the photo-catalytic properties of the 
studied nanostructures, and in particular of the TiO2 NTs and of the ZnO@TiO2 core-shell 
materials, are deeper investigated and discussed in the following sections. 
 
3.3.4. Electrochemical impedance spectroscopy analysis  
In order to further analyze what is the most important process responsible for the different 
performances of the four TiO2 and ZnO investigated nanostructures, the PEC behavior of the 
studied photo-electrodes has been investigated by EIS technique. The results of the EIS 
measurements performed at 1.23 VRHE are reported in the Figure 3.5. In accordance with the 
LSV curves, the impedance modulus of both the TiO2 photoelectrodes are larger than the 
ZnO-based ones (see Figure 3.5a). Concerning the phase spectra, two features can be 
recognized, related to the two different processes occurring in the analyzed systems: a high 
frequency peak, associated to the charge transport properties of the photoelectrode material, 
and a low frequency peak associated with the charge transfer at the photoelectrode/electrolyte 
interface [15]. For the TiO2-based and pure ZnO NWs photoanodes the two processes 
partially overlaps, thus resulting in the formation of a one broad peak; on the other hand, the 
core-shell sample exhibits two well-distinguished peaks, one centered at about 4 Hz and the 
other one at about 200 Hz. In order to evaluate the time constants associated to the different 
processes for all the analyzed samples, the EIS data were modeled through the equivalent 
circuit shown in Figure 3.5b [15] composed of: a series resistance Rs (accounting for the 
resistances of the conductive substrate, of the external electrical contacts and of the liquid 
electrolyte), a parallel between the resistance RH and the capacitance CH at the Helmholtz 
double layer (related to the low frequency process), and a parallel between the resistance Rdl 
and the capacitance Cdl in the depletion layer in the semiconductor (related to the high 
frequency process). For all the samples, the computed curves match well with the 
experimental data, as it is evident in Figure 3.5. Starting for the fitting parameters, the time 
constants τH and τdl, related to the charge transfer at the semiconductor/electrolyte interphase 
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and to the charge transport in the semiconductor, respectively, were calculated through the 
following equations and their values are summarized in Table 3.1. 
                                                                                                                                 (3.3) 
                                                                                                                                 (3.4) 
Moreover, with the aim to evaluate the influence of the surface area on the photo-
electrochemical properties of the materials, the geometric surface (GS) of the nanostructures 
(calculated by considering the dimensions measured through FESEM images) is also reported 
in the Table 3.1. 
By looking at the calculated parameters, as expected, the Rs value obtained for the TiO2 NTs 
sample is one-order of magnitude lower than the Rs obtained for the other samples, due to the 
higher conductivity of the Ti foil substrate with respect to the FTO film. Moreover, the TiO2 
NPs film is characterized by slower processes, if compared to the other nanostructures. In 
particular, it exhibits time constants which are 4 times larger with respect to the NTs-based 
photoelectrode, although the TiO2 NPs GS is about 2.5 times higher than the one of the NTs. 
Regarding the τdl values, this difference can be attributed to the faster electronic transport 
inside the 1D nanostructure, if compared to the charge transfer by hopping among the 
nanoparticles [20]. Therefore, even if the photo-catalytic activity of the anatase crystalline 
phase found in both TiO2-based materials should be similar (i.e. both these materials have 
similar flat-band, as previously discussed), the transfer of charges at the TiO2-electrolyte 
interphase is fastened due to the lower accumulation of charges in the NTs than in the NPs 
nanostructure. As a consequence, the recombination of e
-
/h
+
 pairs is reduced, with a resulting 
increase in the kinetics of the water oxidation reaction in the NTs with respect to the NPs 
sample, which is observed through the fastening of the charge-transfer at the semiconductor-
electrolyte interphase (i.e. τH value). This hence explains the higher saturation photo-current 
evidenced with the TiO2 NTs in comparison with the NPs film (shown in Figure 3.4a). In 
addition, as expected, the charge transport inside the ZnO NWs results even faster with the 
respect to the polycrystalline TiO2 NPs and NTs samples, being the NWs characterized by a 
monocrystalline structure [34]. Finally, the core-shell sample exhibited a five-times lower τdl 
value if compared to the bare nanowires. This feature can be explained by both the 
improvement in the electronic transport and in the efficient separation of charge-carriers at 
the ZnO@TiO2 interphase [18] induced by the double annealing process performed in the 
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heterostructures sample, which enhances the crystalline quality and favors the 
interconnection between the TiO2 nanoparticles in the shell and the ZnO core. 
 
Figure 3.5. (a) Bode plots of modulus (left axis) and phase (right axis) of the impedance of 
TiO2 NPs, TiO2 NTs, ZnO NWs and the ZnO@TiO2 core-shell heterostructures acquired at 
an applied potential of 0.3 VAg/AgCl (1.23 VRHE) under illumination. The points represent the 
experimental data while the solid lines are the fitting curves. (b) Equivalent circuit used to fit 
the EIS data 
Table 3.1. Time constants related to the charge transfer processes involved in the water 
splitting reaction on the different TiO2 and ZnO studied nanostructures, evaluated through 
EIS analysis at 1.23 VRHE, under AM1.5G simulated sunlight (100 mW/cm
2
) 
Sample Geometric surface, GS  (cm
2
) Rs  (Ω) τH    (s) τdl     (ms) 
TiO2 NPs 1500 17.92 10.75 333 
TiO2 NTs 600 2.78 2.530 76.0 
ZnO NWs 100 19.25 0.150 16.0 
ZnO@TiO2 110 19.09 0.130 3.00 
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3.3.5. Electronic properties vs. PEC behavior of TiO2 NTs and ZnO@TiO2 core-
shells 
Even if the core-shell material is characterized by better transport properties than the TiO2 
NTs, the latter demonstrated to achieve a STHE similar to the first one at a lower potential 
(see Section 3.3). In order to analyze the reason of such feature, the EIS measurements on 
these two materials were analyzed in all the range of studied potentials, under sunlight 
illumination, and the results are reported in the Figure 3.6. 
 
Figure 3.6. Transport parameters from the fitting of EIS data obtained with the TiO2 NTs 
(black points) and the ZnO@TiO2 core-shell (red points) at different potentials under sunlight 
illumination: (a) resistance, (b) capacitance and (c) time constants 
 
Both the materials evidenced almost constant charge transport parameters (i.e. Rdl and Cdl) 
after 0.6 VRHE, indicating a quasi-conductive behavior of both the semiconductors under the 
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electric field induced by the applied bias potential. In all the range of studied potentials, it is 
moreover confirmed the faster electron transport (lower τdl) within the ZnO@TiO2 core-shells 
than in the TiO2 NTs. On the other hand, in contrast with the core-shell material in which 
both the charge transfer parameters RH and CH remains constant after 0.6 VRHE, in the TiO2 
NTs the RH increases and the CH slightly decreases with the potential. Since the capacitance 
at the Helmholtz double layer is related to the reaction rate at the surface of the photo-catalyst 
under illumination, the CH decreasing after 0.5 VRHE must be correlated with the achievement 
of the maximum STHE at such potential for the TiO2 NTs. In addition, the charge-transfer 
resistance (RH) of the NTs increases with the potential, leading to a simultaneous increase of 
the charge-carrier recombination at the surface of the TiO2 photo-catalyst, due to the 
reduction of the e
-
/h
+
 separation efficiency [35]. In fact, this can explain the saturation of the 
photocurrent often observed with pure TiO2 materials [22]. As a consequence of this and of 
the polycrystalline nature of the TiO2 NTs, even if their exposed GS is six times higher than 
the one of the ZnO@TiO2 sample, the τH (which is correlated to the reaction kinetics) remains 
10-fold larger in the NTs than in the core-shells for all the range of applied potentials.  
These findings evidence that not always the benefits of material nanostructuration could 
outweigh the disadvantages. The advantages are the high surface area and absorption volume 
close to the semiconductor-electrolyte interface, allowing the effective collection and reaction 
of photo-generated holes. The disadvantages are the partial loss of electric field for charge 
separation and the increased opportunity for electrons to recombine with species at the 
electrode surface or in the electrolyte before being collected at the conductive substrate [36]. 
For such reason, the other two major factors that can affect photocurrent efficiency of the 
nanostructured electrodes must be properly tuned: (i) the band gap energy, and (ii) the density 
of surface states and defects.  
Regarding the first factor, the TiO2 NTs has a slightly higher band gap (3.27 eV) than the 
ZnO@TiO2 sample (3.25 eV), and thus the core-shells ability to exploit the visible 
component of  sunlight illumination is slightly better than for the NTs. However, when these 
materials are illuminated in the UV-Vis range with the doubled of the intensity previously 
used (about 220 mW/cm
2
), the J at 1.23 VRHE is increased of 5 times with the NTs and only 
of 2.4 times with the core-shells (as observed by comparing the Figures 3.4a and 3.7a. In 
addition, it is interesting to notice that under such conditions the maximum STHE are 
proportionally enhanced in both the materials, but with a different factor: 2.4 times for the 
NTs and of only 1.2 times for the core-shell. These results could be justified by the higher 
IPCE of the NTs under UV illumination (maximum of 85%) than for the core-shell sample 
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(maximum of 50%) at 1.23 VRHE (data not shown): in fact, in the tests reported in Figure 3.7a 
the UV component is about 4 times larger than in the previous ones (Figure 3.4a). Moreover, 
these results are in agreement with the recent work of Qorbani et al. [37] in which TiO2 NTs 
were tested with different intensities of simulated sunlight up to 600 mW/cm
2
 and yielded a 
linear dependency between the generated photo-current density and the applied illumination 
intensity, suggesting that charge-carriers (e
-
/h
+
 pair) generation rate is the limiting step for the 
PEC water splitting.  Regarding the second factor, the charge carrier density was calculated 
according to the Mott-Schottky equation [31], in order to evaluate the surface properties of 
these two nanostructures: 
                                                             
 
   
  
 
        
       
  
 
                                   (5) 
where CSC is the capacitance of the space charge region, ε0 is the permittivity of the free 
space, ε is the dielectric constant of the semiconductor (100 for TiO2 and 19 for the core-shell 
sample, calculated as a weighted volume value between the ε of both ZnO and TiO2), Nd is 
the donor density, e is the electron charge value, E is the applied potential, EFB is the flat 
band potential and kT ⁄ e is the temperature dependent correction term (25 mV at room 
temperature).  
The Nd values obtained from the linear fitting process are 7.05 x 10
19
 cm
-3
 for the TiO2 NTs 
and 5.71 x 10
19
 cm
-3
 for the core-shells (see Figure 3.7b), which are comparable with those 
usually observed for ZnO NWs and TiO2 NTs [22, 38]. The materials have similar Nd; 
however, if these values are normalized by the GS, it results that the core-shells (5.19 x 10
17
) 
have a higher donor density per unit of active surface with respect to the TiO2 NTs (1.18 x 
10
17
). A higher Nd can also shift the Fermi level of semiconductors toward its conduction 
band, which further facilitates the charge separation at the semiconductor/electrolyte 
interface. Thus, this enhanced charge separation and the most favorable charge transport are 
the most probable reasons for the higher photocurrent values reached with the core-shell 
samples at high potentials (> 0.9 VRHE) than the ones obtained with the pure TiO2 
nanostructure with the saturation of the photo-current. 
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Figure 3.7. (a) LSV in the dark and under UV-Vis illumination (intensity of 220 mW/cm
2
), 
inset: STHE calculated from the data in (a). (b) Mott-Schottky plots of TiO2 NTs (black 
triangles) and ZnO@TiO2 core-shell structures (red circles) 
 
These results, together with the ones reported in the previous sections 3.3 and 3.4, evidence 
the promising photo-electrochemical ability of both the TiO2 NTs and ZnO@TiO2 core-shell 
nanostructures. In addition, they indicate that different possible strategies for optimizing the 
solar-induced water splitting activity of these nanostructured photoelectrodes can be 
suggested. In particular:  
- First, the main advantage of the TiO2 NTs is the low flat-band potential, which allows 
obtaining high photo-currents with a reduced bias. This intrinsic property of the TiO2 
NTs contributes in obtaining high STHE with a low consumption of extra energy in 
the PEC water splitting system. The deposition of a co-catalysis could be for example 
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a key solution to improve the charge-carriers separation at the TiO2 NTs-electrolyte 
interphase, which has been identified from our results to be the factor limiting their 
photocurrent. For example, the deposition of Pt nanoparticles in the top and walls of 
10 μm-long TiO2 nanotube arrays made by Lai et al. [39] yielded to an enhancement 
of the J from 16.3 to 24.2 mA/cm
2
 in 2 M Na2CO3 - ethylene glycol solution with 320 
mW/cm
2
 of simulated sunlight illumination. However, there are few examples in 
which low-cost and earth-abundant catalyst (e.g. Co-, Mn- or Cu-based materials) 
have been deposited on TiO2 NTs [40]. Similarly, the deposition of a co-catalyst in 
the high available surface of the TiO2 in the shell of the ZnO@TiO2 electrode can be 
exploited to reduce its onset potential. 
- Second, both the TiO2 NTs and the core-shells can be prepared having different sizes 
and lengths with a low-cost process and in few synthesis steps. However, there are 
few examples in the literature of ZnO@TiO2 electrodes prepared and tested for the 
PEC water oxidation [18, 41] and the ZnO NWs length is often < 2 μm. In contrast, 
the anodic oxidation process commonly used for the synthesis of the NTs renders easy 
the increase in their length and, thus, the enhancement of the active surface available 
for the reaction. It is important to point out that the results here reported with the 
ZnO@TiO2 (J < 0.7 mA/cm
2
) are in-line with or even more performing than some 
literature values obtained for both pure and doped ZnO NWs [42] and for 1D TiO2-
ZnO nanostructures [25] tested under AM-1.5G sunlight. Even though, good 
performances have also been reached with other TiO2-based nanostructures: e.g. Pan 
et al reported 2 mA/cm
2
 obtained with 2 - 4 μm-long hierarchical TiO2 nanobelt/ZnO 
nanorod in 0.5 M Na2SO4 (120 mW/cm
2
) and Wang et al [30] obtained ~ 2.8 mA/cm
2
 
with H2-treated rutile TiO2 NWs (2-3 μm length). The latter was the most performing 
values reached with TiO2 NWs. Instead, TiO2 nanotube arrays with a length ranging 
from hundreds of nm up to 45 μm, with different aspect-ratios, were reported with 
even better results for the water photo-electrolysis [43-45]. For instance, Sun et al 
[43] reached 5 mA/cm
2
 in KOH (110 mW/cm
2
) with TiO2 NTs with an optimized 
length of 7 μm, made in 1 h of electrochemical anodization; Gong et al [44] prepared 
highly ordered TiO2 nanotube arrays by a three-step electrochemical anodization 
process with a length up to 18 μm (i.d. 50 nm), and reached a maximum J of about 24 
mA/cm
2
 with the 1.2 μm-long sample in 0.5 M KOH.  
- Third, the photo-catalytic properties of both the TiO2 NTs and the ZnO@TiO2 can be 
further enhanced by modifying their optical or surface properties [46]. In this regard, 
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one approach that has been often used is the doping (e.g. with C, N, S etc) or the 
creation of bilayered systems with low band-gap semiconductors (e.g. WO3, CdSe, 
CdS, etc) [46, 47], in order to enhance visible light absorption, charge separation and 
charge transport. Good examples are the C-doped TiO2 NTs prepared by Park et al 
[48] (~ 2 μm length, i.d. 70 nm) obtaining a J close to 1 mA/cm2, or the TiO2-xCx 
nanotubes annealed in H2 atmosphere by Monhapatra et al [49] reaching about 3 
mA/cm
2
, both under sunlight conditions in 1M KOH electrolyte. Nonetheless, really 
impressive results were recently reported by combining the use of heterostructures 
with high visible light absorber and concentrated sunlight. For instance, Qorbani et al 
[37] made CdS-sensitized TiO2 NTs (2.9 μm length, 125 nm i.d.) yielding up to 28 
mA/cm
2
 with an illumination of 4 suns (400 mW/cm
2
), and Li et al [50] prepared 
ZnO/CuS and ZnO/CuInS2 core/shell nanorod arrays producing about 8 and 16.9 
mA/cm
2
, respectively, by using 5 suns of incident light and Na2S electrolyte. 
- Finally, as shown in the Figure 3.7a and discussed above, the illumination with 
concentrated light is an operative condition that could really mark the difference for 
the performance of a TiO2- or ZnO- based device, due not only to the high amount 
photo-generated holes that can enhance the inherent activity of these materials, but 
also to the low-cost availability of solutions to produce concentrated light (i.e. through 
the use of polymeric Fresnel lens).  
 
3.4. Conclusions  
Four TiO2 and ZnO – based nanostructures, having the same active area and similar 
thicknesses, were deeply characterized and compared in terms of their structural and photo-
electrochemical properties. FESEM and TEM analysis evidenced the structural differences 
and the high degree of crystallinity of the various materials. Optical measurements allowed to 
evaluate the energy gap values and to appreciate the occurrence of scattering effects due to 
the high surface area of the different structures coupled with their characteristic dimensions. 
Photo-electrochemical activity measurements and electrochemical impedance spectroscopy 
analysis showed an improvement in charge collection efficiency of 1D-nanostructures, 
related to a more efficient electron transport in the materials. The highest photocurrent 
density and photo-conversion efficiency in our system were obtained with the ZnO@TiO2 
core-shells and with the TiO2 NTs. The core-shell heterostructured material reached up to 
0.63 mA/cm
2
 at 1.7 VRHE and had a maximum STHE of 0.073 % (at 0.9 VRHE) under sunlight 
illumination of AM1.5G (100 mW/cm
2
), thus being  the best performance ever reported for 
 70 
 
ZnO@TiO2 for this application. In addition, the TiO2 NTs attained a saturation photocurrent 
of 0.12 mA/cm
2
 from about 0.5 VRHE, potential at which yielded a maximum STHE of 0.071 
%, similar to what obtained with the core-shell sample under the same operative conditions 
but at a lower applied bias. EIS analysis evidenced that the TiO2 NPs exhibited time constants 
4 times larger with respect to the NTs-based photoelectrode, which justified the worse 
performance of the 3D NPs nanostructure with respect to the 1D TiO2 NTs. Moreover, the 
increase of the charge-carrier recombination at the TiO2-electrolyte interphase in the TiO2 
NTs with the applied potential indicated a reduction of the e
-
/h
+
 separation efficiency in this 
polycrystalline TiO2 material, explaining the reason for the photocurrent saturation. 
Therefore, the charge transfer time constant obtained for the TiO2 NTs was 10-fold larger 
than in the core-shells, for all the range of applied potentials: this occurrence was identified 
as the main responsible for the lower photo-currents of the TiO2 NTs with respect to the core-
shell material at high bias. In contrast, the enhanced performance of the core-shell samples 
was attributed to the high electron mobility within the monocrystalline 1D ZnO nanostructure 
(i.e. five-times lower τdl value if compared to the bare nanowires due to the efficient 
separation of charge-carriers at the ZnO@TiO2 interphase) coupled to the high specific 
surface area of the TiO2 polycrystalline shell, which fasten of about 13% the charge-transport 
and thus the kinetics for the water photo-electrolysis in this material with respect to the bare 
ZnO NWs. In conclusion, the efficient application of both the TiO2 NTs and the ZnO@TiO2 
core-shell photoanodes opens important perspectives, not only in the water splitting 
application field, but also for other photo-catalytic applications (e.g. photovoltaic cells, 
degradation of organic substances), due to their chemical stability, easiness of preparation 
and improved transport properties. Different optimization strategies (i.e. co-catalysis, surface 
modifications to adsorb visible light, increase of thickness, use of concentrated solar light) 
were identified for each of the studied materials in order to increase their effectiveness and to 
achieve the efficiency values required for commercial applications.  
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Chapter 4 
 
Enhanced performance of PANI-TiO2 nanocomposite mesoporous films for sun-driven 
water splitting 
 
4.1. Introduction 
Photochemical and photoelectrochemical (PEC) water splitting have been widely investigated 
in the last decades as a means of converting solar to chemical energy in the form of fuels.  
Hydrogen is a key solar fuel since it can be used directly in PEM fuel cells or combustion 
engines, or combined catalytically with CO2 to make carbon containing fuels [1].  
Different semiconductors (e.g. ZnO, Fe2O3, BiVO4, WO3) have been reported for the sun-
driven water photoelectrolysis [2]. However, the interest on the application of the TiO2 as 
water splitting photocatalyst and for other uses (e.g. photodegradation of contaminants, 
photovoltaics, electrical energy storage, paint pigments, etc.) is still high, due to its non-
toxicity, abundance, low-cost, good stability, excellent photocatalytic performance, easy 
availability and possibility to structure at the nano- and micro-scales [3]. Indeed, several 
recent reviews deal with the general approaches toward the fabrication of 3D-titania 
morphologies, [2, 4-6] with a particular interest in porous titania materials [7-11] porous 
spheres [12, 13], shells [14], nanosheets [15], nanorods [16], fibers [17], and nanotubes [18-
20], are focused on various applications of 3D-titania materials in solar cells [13, 21], 
photocatalysis and photoelectrochemistry [22-26] or electrochemical energy storage [11]. 
Nevertheless, the disadvantages of TiO2 with respect to its application as water oxidation 
photocatalyst are its limited absorption of solar light (wavelengths below ~ 380 nm) due to its 
large bandgap (3.20 eV), and its reduced photocatalytic activity because of the fast 
recombination of charge carriers [27]. Efforts to overcome such issues have been made by 
modifying TiO2 with methods such as metal and non-metal doping [23], noble metal 
deposition [28], forming composites with both narrow band gap inorganic semiconductors or 
through dye sensitization [4, 26]. Regarding the last approach, in order to warranty a good 
electron/hole transfer, the conduction band (CB) and valence band (VB) of the semiconductor 
(or the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) of the dye) must have at a higher energy level than the ones of the TiO2. 
There a few inorganic materials satisfying such requirements (e.g. CdS [29], Fe2O3 [30]), 
which in some cases have stability issues, and the application of dye-sensitized TiO2 is 
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restricted due to the employment of noble-metal-containing dyes (e.g. Ru-, Rh-or Pd- 
containing dyes) or because of dissolution and degradation of dyes during photocatalytic 
processes [31-33]. 
In recent years, polymers with extended -conjugated electron systems have attracted 
considerable attention because of their absorption coefficients in the visible region and high 
conductivity, allowing high mobility of charge carriers. Among conductive polymer, 
polyaniline (PANI) have been widely used to improve electronic conductivity as well as solar 
energy transfer and photocatalytic activity of TiO2, due to its easiness of preparation and 
excellent environmental stability. A high number of works exploit the role of PANI-TiO2 
composites for photocatalytic degradation or organic matrix [28, 31, 34-38] or for 
photovoltaic solar cells [39]. On the other hand, there are some examples of PANI combined 
with other semiconductors for H2 generation, such as the case of PANI-CdS composite 
nanoparticles synthesized by He et al. [40] for direct H2 evolution in the presence of SO3
2-
/S
2-
 
sacrificial reactant. Nevertheless, there are few examples of PANI-semiconductor based 
photoelectrodes tested for the PEC water splitting reaction. Only recently, Jing et al. [27] 
reported on a ternary polyaniline–graphene–TiO2 hybrids for water oxidation in Na2SO4 
(pH=7) electrolyte under visible light illumination generating up to 10 μA/cm2 at 0.8 V vs. 
SCE (~ 1.4 V vs. RHE).  
From a chemical point of view, PANI can be considered as being derived from two different 
repeating units, which are alternatively reduced and oxidized, whose base form is given in 
Figure 4.1 [41-43]. The average oxidation state can be varied continuously, as indicated in 
the  igure 1, where y = 1 is the completely reduced polymer, y = 0.5 the “half-oxidized” 
polymer, y = 0 the completely oxidized polymer (Figure 4.1b to 4.1d). As inferred from the 
generalized formula of PANI (Figure 4.1a), the polymer could in principle exist in a 
continuum of oxidation states ranging from the completely reduced (y = 1) to the completely 
oxidized material in the pernigraniline oxidation state (y = 0). However, at the solid state, in 
the range y = 1 to y = 0.5 only the two chromophores characteristic of y = 1 and y = 0.5 
species are present, thus at the molecular level all intermediate oxidation states consist of 
mixtures of the chromophores characteristic of these two states [41, 44]. The same 
phenomenon is true in the y = 0.5 to y = 0 oxidation state range [45, 46]. At the molecular 
level all intermediate oxidation states consist only of mixtures of the chromophores 
characteristic of the two states defining the beginning and end of each range. The terms 
leucoemeraldine, emeraldine and pernigraniline refer to the oxidation states where y = 1, 0.5 
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and 0 respectively, either in the base form, or in the protonated salt form [41, 43]. The 
differences in oxidation states are obtained by the formal oxidation of the carbons directly 
linked to the nitrogen atoms in the main chain. The difference between leucoemeraldine and 
emeraldine is of two electrons every four aniline monomers. The same result can be obtained 
for the difference between emeraldine and pernigraniline. 
 
 
Figure 4.1. Generalized composition of polyanilines indicating the reduced and oxidized 
repeating units (a), the completely reduced polymer (b), the half-oxidized polymer (c) and the 
fully oxidized polymer (d). Reproduced from [48] 
Of the different oxidation stated of PANI only emeraldine was proved to be electrical 
conductive, the mechanism of doping is linked to the protonation of the emeraldine form that 
is called basic form or emeraldine base (EB). In principle, the imine nitrogen atoms can be 
protonated in whole or in part to give the corresponding salts (Figure 4.2a and 4.2b), the 
degree of protonation of the polymeric base depending on its oxidation state and on the pH of 
the aqueous acid, because complete protonation of the imine nitrogen atoms in EB results in 
the formation of a delocalized polysemiquinone radical cation [42, 43, 47] (Figure 4.2c and 
4.2d) and is accompanied by an increase in conductivity of about ten orders of magnitude. 
The partly protonated emeraldine salt can be synthesized easily either by the chemical or 
electrochemical oxidative polymerization of aniline [41, 43]. It can be deprotonated by 
aqueous ammonium hydroxide to give emeraldine base powder (a semiconductor). 
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Figure 4.2. PANI Emeraldine base before protonation (a), after 50% protonation (b) and 
formation of bipolaron (c) and polaron (d) forms. Reproduced from [48] 
 
In the available literature different ways to produce PANI have been demonstrated, however, 
aniline is classically chosen as the starting monomer. In previous works, which have been 
conducted by different research group at Istituto Italiano di Tecnologia [49, 50], a method to 
produce polyaniline in the EB form starting from the aniline dimer (DANI), which on the 
contrary to aniline is non-toxic and low-cost was developed. Such method produces PANI 
soluble in organic solvents, which thus can be used to functionalize other materials (e.g. 
titanium oxide) by drop casting and impregnation, among other techniques. 
In this Chapter the main contribution was the use of PANI to increase the photocatalytic 
response of the development TiO2 NPs films previously described in Chapter 2. This Chapter 
reports for the first time the synthesis of PANI-TiO2 nanocomposite mesoporous films 
prepared through a fast, safe, low cost and environmentally friendly technique that employs 
DANI as the PANI precursor [49, 50]. On difference with other methods [51], a 3D 
mesoporous TiO2 nanoparticles film supported on fluorine-doped Tin Oxide (FTO) was 
impregnated in a solution of PANI, obtaining the uniform coverage of the mesoporous 
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substrate after only ten minutes. The PANI-TiO2 nanocomposites were fully characterized in 
their physico-chemical characteristics, and PEC behavior for the water splitting reaction 
under simulated solar light (AM 1.5G). UV-Vis spectroscopy and Incident-Photon-Current-
Efficiency (IPCE) measurements were used to identify the principal parameters playing a role 
in the enhanced performance of the PANI-modified films with respect to the TiO2 ones. The 
obtained results were analyzed in comparison with the existing literature regarding PANI-
TiO2 composites for different photocatalytic applications. 
The results of this research are part of the publication entitled: “Enhanced performance of 
PANI-TiO2 nanocomposite mesoporous films for sun-driven water splitting”. D. Hidalgo, S. 
Bocchini, M. Fontana, F. C. Pirri, G. Saracco, S. Hernández. (2015) Energy. Submitted. 
 
4.2. Experimental 
4.2.1. Sol-gel synthesis and deposition of TiO2 nanoparticles 
Titanium (IV) isopropoxide (TTIP, 97 %), glacial acetic acid (99.7 %) and Tween 20, all 
from Sigma Aldrich, were used as purchased for the preparation of the sol of TiO2 
nanoparticles. The synthesis procedure used to obtain the nano-TiO2 sol is as follows: TTIP, 
glacial acetic acid and water were maintained in molar ratios 1:10:300 [7], whereas a molar 
ratio (R) between Tween 20/TTIP of 0.5/1 was used. Firstly, the TTIP was hydrolyzed into 
the glacial acetic acid and then, surfactant Tween 20 was added under vigorous stirring. 
Subsequently, the mixture was added drop wise into the DI-water and the final solution was 
aged under continuous stirring for 48 h at ambient temperature. Then, the TiO2 sol was 
treated in a rotary evaporator at 40 °C for 2 h under vacuum. The final solution was 
homogeneous and stable for weeks and it was used to the preparation of TiO2 nanoparticles 
(NPs) films. TiO2 films were supported into fluorine-doped tin oxide glass ( TO, 7 Ω/sq) 
substrates in an effective surface area of 4 cm
2
. First, the support was cleaned in acetone 
using an ultrasonic bath and then rinsed with ethanol. A “piranha” solution 3:1 (Sulfuric 
Acid: Hydrogen Peroxide) was then employed to remove organic residues on the surface. The 
concentrated TiO2 solution, obtained after the rotary evaporator treatment, was spin-coated 
with a spinner model Spin 150 by using a program in two steps: 1500 rpm for 10s followed 
by 3000 rpm for 10s. Finally, TiO2 films were annealed in a programmable furnace at 500 °C 
for 15 min in air, using a heating rate of 1 °C/min, and were cooled down naturally. Further 
details of the characterization of the TiO2 films are described in Chapter 2. 
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4.2.2. Polyaniline synthesis 
N-phenyl-1,4-phenylendiamine 98 %, that is the aniline dimer (DANI), poly(sodium 4-
styrenesulfonate) (PSS), ammonium persulfate (APS) 98 %, sodium persulfate (SPS) 98 %, 
hydrochloric acid 37 wt%, dimethylsulfoxide (DMSO) 99.9 % and dimethylformamide 
(DMF) were purchased from Aldrich and used as received.  
The synthesis of PANI PSS-doped was already presented elsewhere by Bocchini et al. [49]. 
40 ml of a solution of DANI (4 mmol, 0.9212 g) in DMSO was added drop by drop to 360 
mL of a solution of PSS (0.915 g) in HCl 0.1 M. APS (5 mmol, 1.141 g) dissolved in 100 mL 
of HCl 0.1 M was poured slowly. After 3 hours, the precipitate was filtered and washed 
several times with distilled water. The product was a green powder. The product was firstly 
separated by filtration, then washed with both double distilled water and ethanol, and finally 
dried at 60 °C until constant weight. 
 
4.2.3. Deposition of polyaniline on TiO2 films 
PANI was deposited in the TiO2 films by impregnation method. The PANI was dispersed in 
DMSO at the concentration of 2 wt% (instead different stated) by alternative mechanical 
mixing and ultrasonication. Just before to use the PANI solution, it was ultrasonicated for one 
hour in order to re-disperse it. The TiO2 film was dipped into the PANI solution and then 
removed after 10 min of impregnation. Finally, PANI/TiO2 composites films were dried at 80 
°C under vacuum
 
for 24 h to remove all the residual
 
DMSO. Oxidized PANI/TiO2 
(PANIOx/TiO2) was obtained by immersion of the previous produced PANI/TiO2 in a 
solution 0.018 M of SPS in water for 1 h.  
 
4.2.4. Materials and characterization 
X-ray diffraction (XRD) analysis was performed by using a X-ray diffractometer Cu-Ka x-
ray tube (λ=1.54 Å) with an accelerating voltage of 40 KV, in order to determine the crystal 
structure and crystallinity of the TiO2 particles. Field Emission Scanning Electron 
Microscope (FESEM) examinations were performed with a Zeiss SupraTM 40 equipped with 
Energy Dispersive Spectroscopy (EDS, Inca XSight; Oxford Instrument). Attenuated Total 
Reflectance (ATR) spectra were collected on a Nicolet 5700 FTIR Spectrometer 
(ThermoFisher) equipped with a ZnSe single crystal. A spectrophotometer model Cary 500 
by Varian was used to obtain the transmittance spectra of the samples, which were recorded 
in the wavelength range of 300 - 800 nm at room temperature.  
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4.2.5. Photoelectrochemical tests of TiO2 and PANI-TiO2 composites films 
The PEC experiments were performed in a glass reactor equipped with a quartz window for 
frontal illumination [7]. All the tests were carried out in a three electrodes configuration using 
the TiO2 NPs, PANI/TiO2 and PANIox/TiO2 nanocomposite films as the working electrodes 
for the water photo-electrolysis reaction, a platinum wire as the counter electrode, and an 
Ag/AgCl (KCl 3 M) as the reference electrode, in 0.1 M NaOH aqueous electrolyte (pH = 
12.7). The electrochemical measurements were performed using a multi-channel VSP 
potentiostat/galvanostat (by BioLogic), with EC-Lab
®
 software (version 10.1x) for data 
acquisition. The current-voltage (I-V) characteristic curves were recorded by means of Linear 
Sweep Voltammetry (LSV) at a scan rate of 10 mV/s, when a constant open circuit voltage 
was achieved, varying the applied potential from -0.7 V to 0.7 V vs. Ag/AgCl, in the dark and 
under simulated sunlight (using a 450 W Xe lamp by Newport with an AM 1.5G filter and a 
water filter model 6123NS) using a power density of 100 mW/cm
2
. The irradiance was 
measured by means of a Delta Ohm Photo-radiometer model HD2102.1. Chrono-
amperometric (I-t) tests were carried out to examine the photo-response of the nanostructures 
over time at -0.1 V vs. Ag/AgCl (0.86 VRHE) under continuous ON-OFF light cycles, with the 
same illumination condition used for the LSV. The measured potentials versus the Ag/AgCl 
reference electrode were converted to the reversible hydrogen electrode (RHE) scale via the 
Nernst Equation (1): 
 
                                                                         
                                   (1) 
 
where ERHE is the converted potential (V vs. RHE), EAg/AgCl is the experimental potential 
measured against the Ag/AgCl reference electrode (V vs. Ag/AgCl), and E
o
Ag/AgCl is the 
standard potential of Ag/AgCl (KCl 3 M) at 25 
o
C (i.e. 0.21 V). Incident photon-to-electron 
conversion efficiency (IPCE) spectra were recorded using a Newport Xe lamp (150 W) 
coupled to a monochromator (Cornestone 130 by Newport), by varying the wavelength of the 
incident light from 300 nm to 550 nm (step size: 10 nm), at an applied potential of 0.26 V vs. 
Ag/AgCl (1.23 V vs. RHE). In this case, the electrode illuminated area was 1 cm
2
 and the 
light power density was about 1 mW/cm
2
 (measured at 390 nm). 
 
4.3. Results and discussion 
4.3.1. Physico-chemical characterization of TiO2 and PANI-TiO2 films 
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X-ray diffraction spectra of TiO2 film is illustrated in Figure 4.3. In this figure is reported the 
film prepared with 1 spin coating layers using a molar ratio between Tween 20/TTIP of 
0.50/1 in the sol. The XRD patterns present obvious peak at 25.4° (101) and 47.7° (200), 
corresponding to the anatase phase which is the mainly used for photocatalytic applications 
[7, 34]. From XRD, it was also observed that the diffraction pattern of the PANI/TiO2 and 
PANIox/TiO2 nanocomposite films is the same as TiO2 NPs film as shown in Figure 4.3. This 
results means the PANI deposited has no influence on crystallinity of the TiO2 NPs film.  
  
Figure 4.3. XRD spectra for immobilized TiO2 films calcined at 500°C 
 
FESEM analysis was used to investigate the morphology and the adhesion of the TiO2 
nanoparticles in the substrate. The estimated TiO2 film thickness was measured in cross 
section as shown in Figure 4.4a, which showing TiO2 films with a thickness of about 530 nm. 
As shown on Figure 4.4b, the crystallites of TiO2 films exhibited a nearly round shape with 
an average crystal size around 7 - 8 nm. Through the incorporation of Tween 20, the prepared 
transparent TiO2 films were very reproducible, homogeneous and crack-free, with a 
mesoporous structure [7]. Figures 4.4c and 2d showed the surface coating of PANI/TiO2 and 
PANIox/TiO2 nanocomposite films, respectively. There were almost no significant changes 
with respect to TiO2 NPs films, which suggested that PANI layer on the TiO2 was very thin. 
The rough and mesoporous structure of the samples exhibit a high active surface area, which 
have been demonstrated to be beneficial for photocatalytic reactions (Chapter 2) [7]. 
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Figure 4.4. FESEM images of TiO2 film in cross-section (a) and top view (b), of PANI/TiO2 
(c) and PANIox/TiO2 (d) films in top view 
 
The experimental FT-IR spectrum in ATR mode of both the TiO2 film and the PANI-TiO2 
films before and after preliminary oxidation are reported in Figure 4.5. Due to the low signal 
obtained on ATR with the TiO2 films impregnated in 2 wt% of PANI solution, the FT-IR 
spectra reported in Figure 4.5 correspond to TiO2 films impregnated with a 10 wt% PANI 
solution, which were used only for characterization purposes. These spectra confirm the 
successful modification of the TiO2 films through the PANI impregnation and allow the 
analysis of PANI oxidation state. 
The TiO2 is well identified by two main absorbance peaks in the (OH) stretching region 
(3100–4000 cm-1). The broad band at 3400 cm-1 is associated with weakly bonded hydroxyl 
groups, instead absorbance peak at 3745 cm
-1
 is characteristic of non-hydrogen bonded 
hydroxyl groups [52]. The other band with a maximum at 818 cm
-1
 is associated to vibration 
of bulk TiO2 skeletal frequency region [41]. 
In addition, the spectra of PANI and oxidized PANI deposed on TiO2 are well distinguishable 
but practically super-imposable, thus meaning that the oxidation process does not degradates 
the skeletal structure of PANI. On the other hand, it is quite difficult to discriminate between 
the different oxidation states of PANI using infrared analyses. Both spectra present the 
absorbances already described for TiO2. The 1308 cm
-1
 band is a fingerprint associated with 
the C-N stretching typical of PANI [42]. In both spectra the PANI exhibits a band at 1567 
cm
-1
 attributed to C=N stretching of quinoid diimine unit (the oxidised form of PANI). C–C 
aromatic ring stretching of the benzenoid diamine unit (the reduced form of PANI) appears at 
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1494 cm
-1
 [53]. Based on previous reports, the intensities presented by these two bands 
should identify the oxidation state of PANI [51] the intensity ratio of these two absorption 
bands is indicative of the extent of oxidation state of the polymer, which evidence the content 
of the quinoid diimine and benzene ring structure. The ratio is calculated as following: R 
(intensity ratio) = (I quinoid) / (I benzenoid), where I is absorption intensity, obviously the higher is 
the ratio the higher is oxidation number. In our case R is equals to 0.6 for the PANI/TiO2 
sample and 0.65 for the PANIox/TiO2 film, thus indicating a partial transformation from 
emeraldine form to pernigraniline form after the pre-oxidation of the sample. This finding is 
supported by the fact that the PANI/TiO2 changed its color from green (typical of emeraldine 
salt) to violet (distinctive of penigraniline form of PANI) after oxidation. In such case it can 
be supposed that pernigraniline is in the base form, mainly because it is stable only in really 
acidic conditions (e.g. at pH near to 0) [54]. Although this analysis is only qualitative because 
this method have been used and checked only for the absorbance of FT-IR in transmittance 
mode, it could provide a good approximation for the analysis of the ATR infrared spectra for 
comparative purposes. 
 
Figure 4.5. ATR infrared spectra of TiO2 and PANI-TiO2 films 
 
4.3.2. Photoelectrochemical characterization of TiO2 and PANI-TiO2 films  
The PEC behavior of the TiO2 NPs, PANI/TiO2 and PANIox/TiO2 composite films were 
evaluated using the prepared photoanodes for the water photo-electrolysis reaction in 0.1 M 
NaOH solution (pH = 12.7). From LSV scans in dark conditions in Figure 4.6a only a slight 
current (< 0.1 µA/cm
2
) was obtained for all the samples due to the high overpotential effect 
of both TiO2 semiconductor and PANI-TiO2 composites in absence of illumination. In 
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contrast, under simulated sunlight irradiation (AM 1.5G, 100 mW/cm
2
), a sudden increase of 
the photocurrent is observed at potentials more negative than the theoretical redox potential 
for water oxidation (E
o
 = 1.23 V vs. RHE) in all the samples, indicating that part of the 
energy required for the reaction is provided by the light. These results are in agreement with 
the expected behavior for a n-type semiconductor [55].  
The photocurrent density (J) of the TiO2 NPs photoelectrode showed an important rise 
starting at about 0.56 V vs. RHE, reaching a maximum J value of 6.08 µA/cm
2
 at about 1.68 
V vs. RHE, which is associated with the saturation of the TiO2 semiconductor [7, 56]. In 
contrast, the PANI/TiO2 photoelectrode showed a pronounced increase of J starting at about 
0.58 V vs. RHE, which continues to rise until reaching a maximum of 12.10 µA/cm
2
 at 1.68 
V vs. RHE. Such result is of high relevance if compared with the recently reported PANI-
graphene-TiO2 ternary composite electrode, with which a maximum photocurrent of 10 
µA/cm
2
 was obtained at about 1.4 V vs. RHE for the water photoelectrolysis reaction [27], 
thanks to the faster electron transfer rate attributed to the introduction of well-conductive 
graphene and PANI. 
The PANIox/TiO2 electrodes showed similar behavior, but with a reduced PEC 
performances. The PANIox/TiO2 electrodes showed a pronounced increase of the 
photocurrent starting at about 0.77 V vs. RHE, reaching a maximum photocurrent density J 
of 10.03 µA/cm
2
 at 1.68 V vs. RHE. This feature could likely be explained by the different 
photo-catalytic and transport properties of both PANI/TiO2 and PANIox/TiO2 with respect to 
TiO2 NPs as discussed bellow. 
 In addition, Figure 4.6b shows the photocurrent density of the photoanodes investigated as a 
function of time, after different cycles of darkness and UV-Vis illumination. The anodic 
photocurrent appeared immediately after the light was turned on, due to instantaneous photo-
induced electron transition from the VB to the CB, and then a slightly decrease is observed 
until a quasi-steady-state value is reached. The steady state photocurrent for the PANI/TiO2 
sample doubled the TiO2 NPs film performance and is about 30% higher than the one of the 
PANIox/TiO2 film, in accordance with LSV results. As expected, when the light was turned 
off, the photocurrent decreased quickly down to zero, confirming the effective photocatalytic 
(and not only catalytic) activity of all the studied materials.  
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Figure 4.6. Photoelectrochemical characterizations for the samples: TiO2 film (blue line), 
PANI/TiO2 film (red line) and PANIox/TiO2 (green line). (a) LSV collected with a scan rate 
of 10 mV/s in the dark and under illumination (AM 1.5G, 100 mW/cm
2
) and (b) Chrono-
amperometric (I–t) curves at an applied potential of -0.1 V vs. Ag/AgCl under illumination 
with 120 s light ON/OFF cycles 
 
The increase in the photocatalytic activity of PANI/TiO2 and PANIox/TiO2 compare to TiO2 
NPs should be essentially attributed to the efficient separation of electron and hole pairs, as 
already discussed in previous works on photocatalytic degradation of organic compounds [28, 
35]. When the TiO2 was coated with PANI, the interface between the two phases may act as a 
rapid separation site for the photogenerated electrons and holes, because of the difference in 
the energy levels of their conduction and valence bands. In the case of the PANI/TiO2 
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sample, in which PANI is in the emeraldine salt (ES) form (see Section 3.1), the HOMO of 
PANI is the polaron band, while its LUMO is the * band. In Figure 4.7 is illustrated the 
processes of photoexcitation and charge separation in the PANI-TiO2 composite film system, 
under UV-Vis illumination. When the PANI-TiO2 composite film is irradiated with UV-Vis 
light, PANI absorb photons, and electrons in the HOMO can be excited to the LUMO. In the 
same manner, TiO2 absorb UV photons, and electrons in the VB of TiO2 can be excited to its 
CB, thereby leaving holes at its surface.  
Since the LUMO of PANI is at a potential level higher than such of TiO2 [57], electrons can 
be easily injected into the CB of TiO2, which is advantageous for efficient charge carrier 
separation and electron transport. In fact, electrons in the CB of TiO2 are transferred into the 
FTO conductive substrate, and then conducted through the external electrical circuit to be 
used for the H2 formation reaction at the Pt cathode. Because of their strong oxidation ability, 
photogenerated holes in TiO2 NPs and PANI species can migrate to the surface to be then 
consumed in the oxygen formation reaction. Alternatively, as shown in Figure 4.7, taking into 
account the position of redox potentials [21, 36, 39], the holes generated in the VB of TiO2 
most likely migrate to the HOMO of PANI so diminishing the e
-
/h
+
 pairs recombination and 
contributing with the water oxidation reaction [37, 38]. Therefore, the larger photocurrents 
observed  with the PANI-TiO2 nanocomposite films with respect to the TiO2 NPs film (see 
Figure 4.6) could be explained by a more efficient charge transfer at the semiconductor-
electrolyte interface and a faster electron transport, which results in a lower recombination 
and a higher number of collected photoelectrons [58-60]. 
The sample PANIox/TiO2 was prepared and tested with the aim to discern if the PANI in the 
NaOH solution is oxidized, being such the reason for the highest photo-catalytic activity of 
the PANI/TiO2 film. On the contrary, the results reported in Figure 4.6 shown that the 
PANIox/TiO2 perform worst than its original counterpart. The difference between PANI/TiO2 
and PANIox/TiO2 can be easily explained taking into account the presence of some 
pernigraniline base (PNB) form of PANI in the oxidized material (see Section 3.1). In the 
case of PNB, the PANI structure is composed from quinoid structures and thus the HOMO 
level are the quinoid orbitals that has lower energy with respect to polaron band [61]. Thus 
the migration of holes from TiO2 to PANI is less favorable. On the other hand, the benzenoid 
orbitals are in this case the LUMO [61], that have an energy much lower than the * band 
previously considered for the ES and even lower than the TiO2 CB. Hence, when the PANIox 
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absorbs UV-Vis light, the electron in the * band can undergo more easily to internal 
relaxation to the benzenoid orbital, thus causing internal recombination.  
 
Figure 4.7. The mechanism of absorption of the UV component in the presence of PANI-
TiO2 composite film 
 
In addition, the open circuit voltage (OCV) of the LSV measurements, i.e. the voltage 
corresponding to J = 0, is an approximated measure of the flat band potential, which is close 
to the CB on n-type semiconductors such as the titania [62]. From Figure 4.6a is worth of 
notice the change on the OCV after the oxidation of the PANI/TiO2 film. In fact, the shift 
towards higher OCV values for PANIox/TiO2 is another indication of the lower energy level 
of the CB of this composite film with respect to PANI/TiO2, and is another index of its worst 
photocatalytic activity.  
In order to identify what is the portion of the solar spectra actually working in the TiO2 and 
PANI-TiO2 films, both UV-Vis and IPCE spectra were recorded and are reported in Figure 
4.8. From the UV-Vis spectra in transmittance mode shown in Figure 4.8a, it is possible to 
observe that no significant difference were presented for the TiO2 NPs, PANI/TiO2 and 
PANIox/TiO2 composite films between 300 and 330 nm. In this region, high UV light 
absorption (low transmittance) is observed for all the samples. Between 330 and 420 nm the 
transmittance increased, indicating a provably related reduction of absorption of the TiO2 
NPs. However, the PANI impregnated samples evidenced a higher absorption than the TiO2 
NPs, in the following order: PANI/TiO2 > PANIox/TiO2 > TiO2 NPs.  
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Figure 4.8. Optical properties for the samples: TiO2 film (blue line), PANI/TiO2 film (red 
line) and PANIox/TiO2 (green line). (a) UV-Vis spectra recorded in transmittance mode and 
(b) IPCE spectra recorded by varying the wavelength of the incident light from 300 nm to 
420 nm at an applied potential of 0.26 V vs. Ag/AgCl (1.23 V vs. RHE) 
 
The photo-response of the different photoanodes evaluated through the IPCE spectra at an 
applied potential of 0.26 V vs. Ag/AgCl (1.23 V vs. RHE) are reported in Figure 4.8b.  IPCE 
curves revealed that either the TiO2 NPs or the PANI-TiO2 nanocomposites here prepared 
have a relevant efficiency only in the UV region up to maximum 390 nm. The maximum 
IPCE was obtained at 320 nm for all the samples being 6.27 %, 8.17 % and 10.07 %, 
respectively for the TiO2 NPs, PANIox/TiO2 and PANI/TiO2 samples. These results are in 
agreement with the highest UV absorption of the PANI impregnated samples but suggest that 
for the water splitting reaction the role of PANI in the PANI-TiO2 composite is most 
important in the UV than in the visible region of the light. Indeed, in the literature is reported 
that the role of PANI as sensitizer plays also a role in the visible region but only for another 
redox reactions. For instance, PANI-TiO2 composite particles, photoexited with either UV or 
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visible light, has been reported to be effective for the photodegradation of organic compounds 
(i.e. Rhodamine B and Methylene blue) which involves the oxidation of water to OH
·
 radicals 
[35]. In the present case, since the water oxidation to oxygen requires holes with a higher 
oxidation potential than in the previous case, it is possible that holes generated in the PANI 
under visible illumination are not able to perform the water splitting reaction. Therefore, the 
here reported results suggest that the main role of PANI, in the system PANI/TiO2 for the 
PEC water splitting, is as sensitizer of TiO2 NPs in the UV light and in significantly reducing 
the recombination losses which result in an improved photocatalytic activity. 
Finally, the stability of the PANI/TiO2 nanocomposite photoanode was investigated as a 
function of time and Figure 4.9 shows the I-t curves after various hours of operation at -0.1 V 
vs. Ag/AgCl (0.86 V vs. RHE). This potential was chosen as a representative value in the 
region of photocurrent saturation of the sample. A good photo-current stability was observed 
under numerous light ON-OFF cycles for a long period of time (190 min), so confirming a 
high degree of electrochemical durability, the not photodegradation of the emeraldine salt 
form of PANI under a highly oxidizing media, and the good adhesion of the PANI/TiO2 
nanocomposite material to the substrate. 
 
Figure 4.9. Photocurrent stability vs. time of PANI/ TiO2 film obtained by chrono-
amperometric (I–t) technique at an applied potential of 0.26 V vs. Ag/AgCl (1.23 V vs. RHE) 
under illumination with ON/OFF cycles 
 
4.4. Conclusions  
In order to improve the photocatalytic activity of TiO2 NPs film, PANI-TiO2 nanocomposite 
films have been successfully prepared by a simple impregnation method. According to 
FESEM observations, a thin film of PANI was deposited on the TiO2 NPs film, which not 
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significantly modified the morphology and crystallinity of TiO2 NPs, as was also confirmed 
by XRD analysis. ATR results confirmed the present of PANI under the form of emeraldine 
salt (ES) and pernigraniline base (PNB) in PANI/TiO2 and PANIox/TiO2 nanocomposite 
films, respectively. A remarkable enhancement of photocatalytic capacity was achieved by 
employing PANI-TiO2 nanocomposite films for the PEC water splitting reaction. The 
PANI/TiO2 and PANIox/TiO2 nanocomposite films showed a pronounced increase of the 
photocurrent under simulated sunlight irradiation (AM 1.5G, 100 mW/cm
2
), reaching 
maximum photocurrent density around 2 and 1.6 fold higher with respect to TiO2 NPs. These 
results are in good agreement with IPCE measurements, which revealed that the PEC activity 
of both PANI/TiO2 and PANIox/TiO2 films was enhanced in 1.6 and 1.3 fold higher with 
respect to the pristine TiO2 NPs film at 1.23 V vs. RHE. The best performance of the 
PANI/TiO2 sample can be associated to highly stable structure due to the present of un-
oxidized part of polymer chain, which may give a high degree of electrochemical durability. 
PANI/TiO2 film showed an exceptional stability under illumination with ON/OFF cycles 
during 190 min of test, also confirming the good adhesion of the composite material to the 
substrate. The synergic effect between emeraldine salt form of PANI and TiO2 caused a rapid 
charge separation and a slow charges recombination of the photogenerated e
-
/h
+
 pairs. Thus, 
the present PANI/TiO2 film is a promising photocatalyst material for the PEC water splitting 
reaction. 
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Chapter 5 
 
Literature review - Microbial fuel cell for electricity generation 
 
5.1. Introduction 
Bioelectrochemical systems (BESs) are a new and exciting area in biotechnology. BESs are 
able to catalyze various electrochemical reactions with the aid of microorganisms. A typical 
BES consists of an anode and a cathode compartments which are separated by a proton 
exchange membrane (PEM). Generally, in the anode compartment a substrate is oxidized by 
microorganisms activity, while in the cathode compartment an electron acceptor is reduced. 
Microbial fuel cells (MFCs) are a specific type of BES which can be defined as a system in 
which microorganisms function as catalysts to convert chemical energy comprised in 
different substrates into electricity. In this chapter, an overview of the development of MFC 
is described as well as the most important parameters involved in the physic-chemical 
characterization of the system. Finally, the main objectives related with the improvement of 
the MFC systems are summarized.  
 
5.2. History of  microbial fuel cell development 
The earliest microbial fuel cells (MFCs) concept was demonstrated by Potter in 1910 [1]. In 
1911, Potter described how microbial conversions could create reducing power, and thus 
electrical current from living cultures of Escherichia coli and Saccharomyces cerevisiae by 
using platinum electrodes [2]. In 1931, Cohen investigated the capacity of bacteria to create 
reducing power, and noted that the main limitation of the current generation was the small 
capacity that microorganisms could deliver [3]. It took until the 1960s before this microbial 
capacity was truly combined with fuel cells and the first microbial fuel cells emerged [4, 5]. 
This didn't generate much interest until 1980s when it was discovered that current density and 
the power output could be greatly enhanced by the addition of electron mediators. Unless the 
species in the anodic chamber are anodophiles, the microbes are incapable of transferring 
electrons directly to the anode. Typical synthetic exogenous mediators include dyes and 
metallorganics such as neutral red (NR), methylene blue (MB), thionine, meldola's blue 
(MelB), 2-hydroxy-1,4-naphthoquinone (HNQ), and Fe(III)EDTA [1, 6-9]. Unfortunately, 
the toxicity and instability of synthetic mediators limit their applications in MFCs and only 
are used in laboratory researches. A real breakthrough was made when some microbes were 
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found to transfer electrons directly to the anode [10, 11]. These microbes are operationally 
stable and yield a high Coulombic efficiency [11, 12]. Shewanella putrefaciens [13], 
Geobacteraceae sulferreducens [14], Geobacter metallireducens and Rhodoferax 
ferrireducens [11] are all bioelectrochemically active and can form a biofilm on the anode 
surface and transfer electrons directly by conductance through the membrane. When they are 
used, the anode material acts as the final electron acceptor in the dissimilatory respiratory 
chain of the microbes in the biofilm. Biofilms forming on a cathode surface may also play an 
important role in electron transfer between the microbes and the electrodes. Cathodes can 
serve as electron donors for Thiobacillus ferrooxidans suspended in a catholyte [15] for an 
MFC system that contained microbes in both anodic and cathodic chambers. G. 
metallireducens and G. sulfurreducens [16] or other seawater biofilms [17] may all act as 
final electron acceptors by grabbing the electrons from cathode as electron donors. Since the 
cost of a mediator is eliminated, mediator-less MFCs are advantageous in wastewater 
treatment and in power generation [14]. At present, however, one of the problems for the 
application of this methodology is the low output of power. Principally, the output power 
depends on the rate of substrate degradation, the rate of electron transfer from the bacteria to 
the anode, the circuit resistance, the proton mass transfer in the liquid [18], the performance 
of the electrode and the external operating conditions and so on. Different electrode materials 
vary in their physical and chemical properties (e.g., surface area, electric conductivity, and 
chemical stability), thus, they also vary in their impact on microbial attachment, electron 
transfer, electrode resistance and the rate of electrode surface reaction. Therefore, it is of 
great significance to select and develop suitable electrode materials to optimize and promote 
the performance of MFCs. Moreover, as a main component, the electrode materials determine 
the price of MFCs and thus influence the wastewater treatment cost and energy production. In 
this way, many efforts related to electrode preparations and designs have been made, 
unfortunately, the low output power continues to be one of the bottleneck problems for the 
commercial application of MFC. 
 
5.3. Bioelectricity generation using microbial fuel cell 
Microbial fuel cells (MFCs) are devices that use bacteria as the catalysts to oxidize organic 
and inorganic matter and generate current [2, 4]. The reasons for this recent interest in using 
bacteria to generate electricity are a combination of the need for new sources of energy, 
discoveries about microbial physiology related to electron transport, and advancement of fuel 
cell technologies.  
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A typical microbial fuel cell consists of anode and cathode compartments as shown in Figure 
5.1. In the anode compartment, fuel (substrate) is oxidized by microorganisms activity, 
generating electrons and protons, while in the anode compartment an electron acceptor is 
reduced. Electrons produced by the bacteria from these substrates are transferred to the anode 
and flow to the cathode linked by a conductive electrode material containing a resistor, or 
operated under an external load. A great variety of substrates can be used in MFCs for 
electricity production ranging from pure compounds such as glucose [11], acetate [19] to 
complex mixtures of organic matter present in wastewater [20]. When microorganisms 
consume a substrate in the anode compartment under anaerobic conditions they produce 
carbon dioxide, protons and electrons according to the following reactions [21]: 
 If glucose is used as substrate 
C6H12O6 + 6H2O    →   6CO2 + 24H
+
 24e
-
                                                                           (5.1) 
 If acetate is used as substrate 
CH3COO
- 
+ H2O    →    2CO2 + 2H
+
 + 8e
-
                                                                           (5.2) 
 
Electrons can be transferred to the anode material by electron mediators or shuttles [22, 23], 
by direct membrane associated electron transfer [14], or by so-called nanowires [24] 
produced by the bacteria, or perhaps by other as yet undiscovered means . Chemical 
mediators, such as neutral red, methylene blue or anthraquinone-2,6-disulfonate (AQDS), can 
be added to the system to allow electricity production by bacteria unable to otherwise use the 
electrode [25, 26]. If no exogenous mediators are added to the system, the MFC is classified 
as a “mediator-less” M C even though the mechanism of electron transfer may not be known 
[27]. MFCs operated using mixed cultures currently achieve substantially greater power 
densities than those with pure cultures [22, 23]. Community analysis of the microorganisms 
that exist in MFCs has so far revealed a great diversity in composition [28, 29]. 
In most MFCs the electrons that reach the cathode combine with protons that diffuse from the 
anode through a cation exchange membrane (CEM) and oxygen provided from air; the 
resulting product is water [20, 25]. Chemical oxidizers, such as ferricyanide or Mn (IV), can 
also be used although these must be replaced or regenerated [22]. In the case of metal ions, 
such as Mn that are reduced from Mn (IV) to Mn (II), bacteria located in the cathode can help 
to catalyze the reoxidation of the metal using dissolved oxygen [30, 31]. In this way, when 
oxygen and ferricyanide are used as electron acceptor, the reaction occurring at the cathode is 
as follows [21, 32]: 
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 If oxygen is used as electron acceptor 
O2 + 4e
-
 + 4H
+
  →   2H2O                                                                                                    (5.3) 
 If ferricyanide is used as electron acceptor 
Fe(CN)6
3-
 + e
-
  →    e(CN)6
4-
                                                                                               (5.4) 
 
From the above equations, ferricyanide in the cathode compartment is reduced to 
ferrocyanide; thus, the chemical must be replaced after it is depleted. However, oxygen can 
be constantly replenished by bubbling the water with air; thus, energy production from 
organic matter is sustainable in these systems. MFCs are being constructed using a variety of 
materials, and in an ever increasing diversity of configurations. These systems are operated 
under a range of conditions that include differences in temperature, pH, electron acceptor, 
electrode surface areas, reactor size, and operation time. The final characterization of the 
systems are common carried out by the interpretation of data obtained through 
electrochemical characterization i.e. power densities derived from polarization curves and 
many others electrochemical techniques that allow to interpret and compare results among 
these systems in term of power density and energy generation [33]. 
Applications for MFCs might include: wastewater treatment, electricity generation, 
biohydrogen production and as a sensor for pollutant analysis [34]. More specifically, in 
wastewater treatment, waste or more specific wastewater needs to be treated to the levels 
specified in the discharge regulations before it can be discharged into the environment. Two 
main classes of biological wastewater treatment processes are currently the most widely used: 
aerobic and anaerobic treatment. Both technologies have their own niche in environmental 
technology, are commercially available and are worldwide implemented [29]. In contrast to 
anaerobic digestion, a MFC creates electrical current and an off-gas containing mainly carbon 
dioxide. MFCs have operational and functional advantages over the technologies currently 
used for generating energy from organic matter. First, the direct conversion of substrate 
energy to electricity enables high conversion efficiency. Second, MFCs operate efficiently at 
ambient, and even at low, temperatures distinguishing them from all current bio-energy 
processes. Third, an MFC does not require gas treatment because the off-gases of MFCs are 
enriched in carbon dioxide and normally have no useful energy content. Fourth, MFCs do not 
need energy input for aeration provided the cathode is passively aerated [33]. Fifth, MFCs 
have potential for widespread application in locations lacking electrical infrastructures and 
also to expand the diversity of fuels we use to satisfy our energy requirements. 
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Figure 5.1. Operating principles of a MFC. A bacterium in the anode compartment transfers 
electrons obtained from an electron donor (glucose) to the anode electrode. This occurs either 
through direct contact, nanowires, or mobile electron shuttles (small spheres represent the 
final membrane associated shuttle). During electron production protons are also produced in 
excess. These protons migrate through the cation exchange membrane (CEM) into the 
cathode chamber. The electrons flow from the anode through an external resistance (or load) 
to the cathode where they react with the final electron acceptor (oxygen) and protons [33] 
 
5.4. Electron transfer in microbial fuel cell  
Some microbes are electrochemically active, capable of accepting electrons from an external 
source or donating electrons to an external object such as an electrode. These microbes are 
known as electrogenic microbes [35]. Not all microbes are electrogenic, but non electrogenic 
microbes may still be part of a synergistic electrogenic biofilm consortium because they 
perform other functions such as providing certain organic nutrients to the electrogenic 
microbes in the consortium. Microbial cells are generally non-conductive because their cell 
membranes mostly contain non-conductive materials such as polysaccharides, lipids and 
peptidoglycans. Electron transfer between microbes and electrodes rely on two mechanisms, 
namely direct electron transfer (DET) and mediated electron transfer (MET) (see Figure 5.2) 
[36].  
DET requires direct physical contact between the microbial cell membrane or a membrane 
organelle and the anode electrode surface, without the need for any diffusional redox species 
in the electron transfer process Both c-type cytochromes associated with bacterial outer 
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membrane (Figure 5.2a) and conductive nanowires or pili (Figure 5.2b) can be used for DET 
[37]. Thus, pili can be formed on demand to facilitate electron transfer between microbial 
cells and a solid surface [38]. Gorby et al. [24] suggested that formation of pili may be a 
common strategy used by electrogenic bacteria for efficient electron transfer and energy 
distribution. For MFC operations, this means that some microbes purposefully develop a 
network of pili to facilitate electron donation to an anode or electron acceptance from a 
biocathode in MFC operations [39]. After all, allowing the electron flow enables respiratory 
metabolism that benefits the biofilms bioenergetically. 
While some microbes perform DET, other microbes need redox-active chemical species 
(mediators) to carry out indirect electron transfer; this is known as MET. An electron 
mediator is a molecule that functions as an electron shuttle between microbes and an 
electrode. In MET, direct contact between the bacterial cell membrane and the electrode 
surface is not required. In the early studies on MFCs, exogenous mediators like neutral red, 
hexacyanoferrate, thionin or 2-hydroxy-1,4-naphthoquinone (HNQ) were generally added to 
the systems in order to increase the electron transfer rate of non-enriched microbial 
communities as evidence the electron transfer mechanism in Figure 5.2c [6, 40]. In a 
synergistic biofilm consortium, it is possible that a non electrogenic microbe may secrete 
their own mediators that help the electrogenic microbe perform better such as phenazine, 2-
amino-3carboxy-1,4-naphthoquinone, 1,2-dihydroxynaphthalene and 2,6-di-tertbutyl-p-
benzoquinone, as evidenced in Figure 5.2d [23, 41-43].  
 
 
 
Figure 5.2. Electron transfer mechanisms between microbes and electrodes: (a) DET, via 
membrane bound cytochromes, (b) DET, via electronically conducting pili, (c) MET, via 
redox-active chemical species as mediator and (d) MET, via secreted mediators from 
microorganisms [36] 
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5.5. Microbes used in microbial fuel cells 
Many microorganisms possess the ability to transfer the electrons derived from the 
metabolism of organic matters to the anode. A list of them is shown in Table 5.1 together 
with their substrates. Marine sediment, soil, wastewater, fresh water sediment and activated 
sludge are all rich sources for these microorganisms [19, 44]. A number of recent 
publications discussed the screening and identification of microbes and the construction of a 
chromosome library for microorganisms that are able to generate electricity from degrading 
organic matters [45-47]. The anodic electron transfer mechanism in MFC is a key issue in 
understanding the theory of how MFCs work. As mentioned above, microbes transfer 
electrons to the electrode through an electron transport system that either consists of a series 
of components in the bacterial extracellular matrix or together with electron shuttles 
dissolved in the bulk solution such as mediator.  
The anodic reaction in mediator-less MFCs constructed with metal reducing bacteria 
belonging primarily to the families of Shewanella, Rhodoferax, and Geobacter is similar to 
that in this process because the anode acts as the final electron acceptor just like the solid 
mineral oxides. Geobacter belongs to dissimilatory metal reducing microorganisms, which 
produce biologically useful energy in the form of ATP during the dissimilatory reduction of 
metal oxides under anaerobic conditions in soils and sediments. The electrons are transferred 
to the final electron acceptor such as Fe2O3 mainly by a direct contact of mineral oxides and 
the metal reducing microorganisms [48, 49]. S. putrefaciens, G. sulferreducens, G. 
metallireducens and R. ferrireducens transfer electrons to the solid anode electrode using the 
same system. Though most of the real mediator-less MFCs are operated with dissimilatory 
metal reducing microorganisms, an exception was reported with Clostridium butyricum [50, 
51]. Mediators such as dye molecules and humic substances also have some effects on the 
mediator-less MFCs even though the anodophiles can transfer the electrons to the anode 
directly especially in the early stage of biofilm formation. Electron mediators like Mn
4+
 or 
neutral red (NR) incorporated into the anode noticeably enhance the performance of MFCs 
using anodophile S. putrefaciens [52]. Actinobacillus succinogenes, Desulfovibrio 
desulfuricans, E. coli, Proteus mirabilis, Proteus vulgaris and Pseudomonas fluorescens need 
extraneous mediators while some microbes can provide their own. For example, 
Pseudomonas aeruginosa produces pyocyanin molecules as electron shuttles. When an MFC 
is inoculated with marine sediments or anaerobic sludge, mixed cultured microbes are in the 
anode chamber. Usually mixed culture MFCs have good performances. Using complex 
mixed cultures (anodic microcosm) allows much wider substrate utilization. It means that the 
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MFCs have much wider substrate specificity when mixed than do pure cultures. In mixed 
culture MFCs (with anaerobic sludge) there are both electrophiles/anodophiles and groups 
that use natural mediators together in the same chamber.  
 
Table 5.1. Microbes used in MFCs [34] 
 
 
5.6. MFC reactor components 
Most MFC designs consist of two compartments (anode and cathode), containing the 
electrodes and the electrolyte, which are separated by a PEM membrane. Each MFC 
component has a specific function and needs to fulfill several requirements in order to 
maximize the energy generation in MFCs. As MFCs are a rather new technology, there are 
still many opportunities to improve its components or specifically develop new materials. An 
overview of the materials used and the recent innovations are given below. 
 
5.6.1. Electrodes 
The electrodes of MFCs are not only the backbone of the MFC designs; they also represent 
the physical medium by which one can collect or donate electrons to or from the bacteria. 
Therefore, specifically for the anode, the electrode material should have the following 
properties: (a) good electrical conductivity and low resistance; (b) strong  biocompatibility; 
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(c) chemical stability and anti-corrosion; (d) large surface area; and (e) appropriate 
mechanical strength and toughness in order to minimize energy losses during current 
generation [53]. 
 
5.6.1.1. Surface properties  
Carbon materials are the most widely used anodes in the present MFCs studies; they 
traditionally including graphite rod, graphite fiber brush, carbon cloth, carbon paper, carbon 
felt, and reticulated vitreous carbon (RVC) [27]. To improve the catalytic and surface 
properties of graphite and carbon, these materials have been modified with various electron 
mediating molecules or catalytic layers. In 2002, Park and Zeikus [52] proposed the use of 
graphite that was coated with electron mediators, such as Mn
4+
 or neutral red, which could 
increase the power output 10 fold. In 2006, Rosenbaum et al. [54] presented tungsten carbide 
coated carbon electrodes, which increased the power of a glucose fed MFC two-fold. 
Polytetrafluoroethylene (PTFE), a polymer frequently used in chemical fuel cell, has also 
been suggested to be able to increase the active surface area [55]. In 2007, Scott et al. [56] 
thoroughly investigated several methods to modify graphite electrodes, including the use of 
polyaniline, carbon nanofibers, activated carbon and combinations of these. All modified 
carbon materials worked better than unmodified graphite felt and graphite felt modified with 
quinone groups (by C/HNO3 treatment) showed the greatest improvement and resulted in a 
three-fold improvement. An ammonia treatment is another efficient modification method to 
improve the reactivity of the anode graphite [57]. By this treatment, the startup time of the 
MFC was shortened by 50% and the power output increased by 48%. The improvement is 
attributed to the increased surface charge of the treated carbon electrodes. In the present, the 
modification of electrode materials proved to be an effective way to improve the performance 
of MFCs because it changed the physical and chemical properties to provide for better 
microbial attachment and electron transfer. 
 
5.6.1.2. Structure  
Next to the surface properties, the structure of the electrodes determines the performance of 
MFCs. A switch from electrode materials with mainly two-dimensional properties, such as 
graphite plates, to three-dimensional materials, which completely fill the anode compartment, 
such as graphite granules, allowed a significant increase of the active surface of the anode, 
i.e. the ratio between its surface and volume, and has resulted in a two-fold increase of the 
power output [58]. It was previously reported that the use of graphite felt as the electrode 
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material could increase the power output three-fold compared to the use of a graphite rod in 
the same reactor. Another approach i.e. the use a graphite brush electrode, which consists of 
graphite fibers that are wound around a conductive but noncorrosive metal current collector, 
significantly (2.5 fold) improved the performance of the bioanode and the entire MFC 
compared to the use of two-dimensional carbon cloth or carbon paper electrodes [59]. In 
addition, the use of porous anodes or anode foam structures have also been reported to 
enhance the contact area between the substrate and the anodic bacteria and to subsequently 
improve the anode performance [60, 61].  
 
5.6.1.3. Base material  
In the study of MFCs, carbon-based materials are generally regarded as the most versatile 
electrodes materials. Although carbon and graphite have good properties as an electrode 
material, their resistivity toward the flow of electrons is typically 1000 times higher 
compared to metals [62]. Stainless steel, which had been suggested as an electrode material 
[63], exerted a great performance when used as the cathode material, but was considerably 
less effective as an anode [64]. The reasons for this low effectiveness remain to be 
investigated. Recently, ter Heijne et al. [65] reported that that uncoated titanium was 
unsuitable as an anode material. Kargi and Eker [66] suggested the use of copper or copper 
alloys as potential anode materials, but their performance was largely comparable to that of 
graphite. Moreover, due to its solubility, copper is toxic for anodic bacteria. 
 
5.6.2. Electrolyte 
In classical electrochemical systems, higher electrolyte conductivity ensures higher 
performance system, but in microbial systems this parameter should not go beyond the 
salinity tolerance level of microbes [67]. Typical power densities of MFCs vary from 2 to 3 
W/m
2
 projected area of cathode, at 30
 
°C with neutral to slightly alkaline well buffered 
electrolyte of about 20 mS/cm conductivity [68]. In addition, current density per volume of 
electrolyte solution should be used only for well-defined practical objectives, for instance to 
compare the compactness of different set-ups. The combination of inoculum and 
substrate/electrolyte selected plays a key role on the performance of microbial 
electrochemical systems [67]. 
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5.6.3. Membrane 
The majority of MFC designs require the separation of the anode and the cathode 
compartments by a cation exchange membrane (CEM). Exceptions are naturally separated 
systems such as sediment MFCs [69] or specially designed single-compartment MFCs [70, 
71]. The most commonly used CEM is Nafion (Dupont Co., USA), which is available from 
numerous suppliers (e.g., Aldrich and Ion Power, Inc.). Alternatives to Nafion, such as Ultrex 
CMI-7000 (Membranes International Incorp., Glen Rock, NJ) also are well suited for MFC 
applications [22] and are considerably more cost-effective than Nafion. When a CEM is used 
in an MFC, it is important to recognize that it may be permeable to chemicals such as 
oxygen, ferricyanide, other ions, or organic matter used as the substrate. The market for ion 
exchange membranes is constantly growing, and more systematic studies are necessary to 
evaluate the effect of the membrane on performance and long-term stability [72]. 
 
5.7. MFC design  
Many different configurations are possible for MFCs (Figures 5.3 and 5.4). A widely used 
and inexpensive design is a two chamber M C built in a traditional “H” shape, consisting 
usually of two bottles connected by a tube containing a separator which is usually a cation 
exchange membrane (CEM) such as Nafion [25, 26, 28, 45] or Ultrex [73], or a plain salt 
bridge [28] (Figure 5.3a to 5.3f). The key to this design is to choose a membrane that allows 
protons to pass between the chambers (the CEM is also called a proton exchange membrane, 
PEM), but optimally not the substrate or electron acceptor in the cathode chamber. As long as 
the two chambers are kept separated, they can be pressed up onto either side of the membrane 
and clamped together to form a large surface (Figure 5.3b). The amount of power that is 
generated in these systems is affected by the surface area of the cathode relative to that of the 
anode [32] and the surface of the membrane [50]. In contrast, the salt bridge MFC produces 
little power due the high internal resistance observed [28]. Using ferricyanide as the electron 
acceptor in the cathode chamber increases the power density due to the availability of a good 
electron acceptor at high concentrations, but it use is restricted to fundamental laboratory 
studies. The cathode can also be placed in direct contact with air (Figures 5.3e, 5.4c, 5.4d), 
either in the presence or absence of a membrane [70]. Much larger power densities have been 
achieved using oxygen as the electron acceptor when aqueous-cathodes are replaced with air-
cathodes. Several variations on these basic designs have emerged in an effort to increase 
power density or provide for continuous flow through the anode chamber (in contrast to the 
above systems which were all operated in batch mode). Systems have been designed with an 
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outer cylindrical reactor with a concentric inner tube that is the cathode [74, 75] (Figure 
5.4d), and with an inner cylindrical reactor (anode consisting of granular media) with the 
cathode on the outside [76] (Figure 5.4a). Another variation is to design the system like an 
upflow fixed-bed biofilm reactor, with the fluid flowing continuously through porous anodes 
toward a membrane separating the anode from the cathode chamber [77] (Figure 5.4b). 
Systems have been designed to resemble hydrogen fuel cells, where a CEM is sandwiched 
between the anode and cathode (Figure 5.4c). To increase the overall system voltage, MFCs 
can be stacked with the systems shaped as a series of flat plates or linked together in series 
[29] (Figure 5.4e).  
Due to their complex designs, two-compartment MFCs are difficult to scale-up even though 
they can be operated in either batch or continuous mode. One compartment MFCs (see Figure 
5.4d) offer simpler designs and cost savings. They typically possess only an anodic chamber 
without the requirement of aeration in a cathodic chamber. Park and Zeikus [78] designed a 
one compartment MFC consisting of an anode in a rectangular anode chamber coupled with a 
porous air-cathode that is exposed directly to the air. Protons are transferred from the anolyte 
solution to the porous air-cathode [78]. Many designs of one compartment MFCs have been 
proposed and studied [70, 76, 78], its application is of great interest to practical 
implementation of scale-up of MFCs. 
 
Figure 5.3. Types of MFCs used in studies [79]: (a) easily constructed system containing a 
salt bridge [28]; (b) four batch-type MFCs where the chambers are separated by the 
membrane (without a tube) and held together by bolts [23]; (c) same as B but with a 
continuous flow-through anode (granular graphite matrix) and close anode-cathode 
placement [58]; (d) photoheterotrophic type MFC [80]; (e) single-chamber, air-cathode 
system in a simple “tube” arrangement [70]; (f) two-chamber H-type system showing anode 
and cathode chambers equipped for gas sparging [45] 
 106 
 
 
 
 
Figure 5.4. MFCs used for continuous operation [79]: (a) upflow, tubular type MFC with 
inner graphite bed anode and outer cathode [76]; (b) upflow, tubular type MFC with anode 
below and cathode above, the membrane is inclinated [77]; (c) flat plate design where a 
channel is cut in the blocks so that liquid can flow in a serpentine pattern across the electrode 
[20]; (d) single-chamber system with an inner concentric air cathode surrounded by a 
chamber containing graphite rods as anode [75]; (e) stacked MFC, in which 6 separate MFCs 
are joined in one reactor block [29] 
 
5.8. Effect of operating conditions     
So far, performances of laboratory MFCs are still much lower than the ideal performance. 
There may be several possible reasons. Power generation of an MFC is affected by many 
factors including microbe type, fuel biomass type and concentration, ionic strength, pH, 
temperature, and reactor configuration [18]. With a given MFC system, the following 
operating parameters can be regulated to decrease the polarizations in order to enhance the 
performance of an MFC. 
 
5.8.1. Substrate 
To date, many organic substrates have been investigated as possible energy sources to 
generate electricity using MFCs ranging from carbohydrates (glucose, sucrose, cellulose, 
starch), volatile fatty acids (formate, acetate, butyrate), alcohols (ethanol, methanol), amino 
acids, proteins and even inorganic components such as sulfides or acid mine drainages [45, 
57, 81-83]. In order to benchmark new MFC components, reactor designs or operational 
conditions, acetate is commonly used as a substrate because of its inertness towards 
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alternative microbial conversions (fermentations and methanogensis) at room temperature. 
This results in high Coulombic efficiencies of up to 98% [76] and high power outputs of up 
to 115 W/m
3
 [57] for mixed anodophylic cultures. 
Although the use of a pure or single substrate allows to study the metabolic processes and 
conversion products during the microbial conversion, it is not feasible to power full scale 
MFCs with pure substrates from an economical point of view. In that perspective, the use of 
second generation bio-fuels or organic waste streams is highly promising because it allows to 
combine the actual treatment of the waste stream with the generation of energy. A range of 
more complex organics, containing a large variety of different readily and non-readily 
degradable molecules such as domestic wastewater [70], brewery wastewater [84], paper 
recycling wastewater [85] have been demonstrated to generate electrical power in MFCs. 
Nevertheless, the power outputs using wastewater are about a factor 10 lower compared to 
pure substrates [86, 87]. Moreover, the composition of the wastewater is strongly affecting 
the power output of MFCs.  
The type of substrate fed to a MFC potentially has an impact on the structure and 
composition of the microbial community. The more reduced the substrate is, the more energy 
there is available to divide across the community. This may lead to an increase of the possible 
interactions and niches. Up till now, no clear image of the effect of the type of substrate on 
the microbial community is available [75].  
 
5.8.2. pH buffer and electrolyte 
If no buffer solution is used in a working MFC, there will be an obvious pH difference 
between the anodic and cathodic chambers, though theoretically there will be no pH shift 
when the reaction rate of protons, electrons and oxygen at the cathode equals the production 
rate of protons at the anode. The PEM causes transport barrier to the cross membrane 
diffusion of the protons, and proton  transport through the membrane is slower than its 
production rate in the anode and its consumption rate in the cathode chambers at initial stage 
of MFC operation thus brings a pH difference [88]. However, the pH difference increases the 
driving force of the proton diffusion from the anode to the cathode chamber and finally a 
dynamic equilibrium forms. Some protons generated with the biodegradation of the organic 
substrate transferred to the cathodic chamber are able to react with the dissolved oxygen or 
electron acceptor while some protons are accumulated in the anodic chamber when they do 
not transfer across the PEM or salt bridge quickly enough to the cathodic chamber.  Gil et al. 
[88] detected a pH difference of 4.1 (9.5 at cathode and 5.4 in anode) after 5-hour operations 
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with an initial pH of 7 without buffering. With the addition of a phosphate buffer (pH 7.0), 
pH shifts at the cathode and anode were both less than 0.5 unit and the current output was 
increased about 1 to 2 folds. It was possible that the buffer compensated the slow proton 
transport rate and improved the proton availability for the cathodic reaction. In 2004, Jang et 
al. [89] supplied an HCl solution to the cathode and found that the current output increased 
by about one fold. This again suggests that the proton availability to the cathode is a limiting 
factor in electricity generation. Increasing ionic strength by adding NaCl to MFCs also 
improved the power output [18, 89], possibly due to the fact that NaCl enhanced the 
conductivity of both the anolyte and the catholyte. 
 
5.8.3. Proton exchange system 
Proton exchange system can affect an MFC system's internal resistance and concentration 
polarization loss and they in turn influence the power output of the MFC. Despite attempts by 
researchers to look for less expensive and more durable substitutes, Nafion is still the best 
choice. However, side effect of other cations transport is unavoidable during the MFC 
operation even with Nafion. In a batch accumulative system, for example, transportation of 
cation species other than protons by Nafion dominates the charge balance between the anodic 
and cathodic chambers because concentrations of Na
+
, K
+
, NH4
+
, Ca
2+,
 Mg
2+
 are much higher 
than the proton concentrations in the anolyte and catholyte [72]. In this sense, Nafion as well 
as other PEMs used in the MFCs are not a necessarily proton specific membranes but actually 
cation specific membranes (CEM). The ratio of PEM surface area to system volume is 
important for the power output. The PEM surface area has a large impact on maximum power 
output if the power output is below a critical threshold. The MFC internal resistance 
decreases with the increase of PEM surface area over a relatively large range [50]. 
Membrane-less MFCs are desired if fouling or cost of the membrane becomes a problem in 
such applications. 
 
5.8.4. Operating conditions in the anodic chamber 
Fuel type, concentration and feed rate are important factors that impact the performance of an 
MFC. With a given microbe or microbial consortium, power density varies greatly using 
different fuels. Table 5.1 shows the performances of some MFCs operated using different 
microbes and substrates [34]. Many systems have shown that electricity generation is 
dependent on fuel concentration both in batch and continuous-flow mode MFCs. Usually a 
higher fuel concentration yields a higher power output in a wide concentration range. Park 
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and Zeikus [52] reported that a higher current level was achieved with lactate (fuel) 
concentration increased until it was in excess at 200 mM in a single-compartment MFC 
inoculated with S. putrefaciens. Moon et al. [90] investigated the effects of fuel concentration 
on the performance of an MFC. Their study also showed that the power density was increased 
with the increase in fuel concentration [90]. Gil et al. [88] found that the current increased 
with a wastewater concentration up to 50 mg/L in their MFC. Interestingly, the electricity 
generation in an MFC often peaks at a relatively low level of feed rate before heading 
downward. This may be because a high feed rate promoted the growth of fermentative 
bacteria faster than those of the electrochemically active bacteria in a mixed culture [73, 90, 
91]. However, if microbes are growing around the electrodes as biofilms, the increased feed 
rate is unlikely to affect the flora. One possible reason is that the high feed rate brings in 
other alternate electron acceptors competing with the anode to lower the output. 
 
5.8.5. Operating conditions in the cathodic chamber  
Oxygen is the most commonly used electron acceptor in MFCs for the cathodic reaction. 
Power output of an MFC strongly depends on the concentration level of electron acceptors. 
Several studies [32, 88] indicated that oxygen demand (DO) was a major limiting factor when 
it remained below the air-saturated level. Surprisingly, a catholyte sparged with pure oxygen 
that gave 38 mg/L DO did not further increase the power output compared to that of the air-
saturated water (at 7.9 mg/L DO) [20, 32]. Rate of oxygen diffusion toward the anode 
chamber goes up with the DO concentration. Thus, part of the substrate is consumed directly 
by the oxygen instead of transferring the electrons through the electrode and the circuit [92]. 
Power output is much greater using ferricyanide as the electron acceptor in the cathodic 
chamber. So far, reported cases with very high power outputs such as 7200 mW/m
2
, 4310 
mW/m
2
 and 3600 mW/m
2
 all used ferricyanide in the cathodic chamber [32, 93], while less 
than 1000 mW/m
2
 was reported in studies using DO regardless of the electrode material. This 
is likely due to the greater mass transfer rate and lower activation energy for the cathodic 
reaction offered by ferricyanide [32]. Using hydrogen peroxide solution as the final electron 
acceptor in the cathodic chamber increased power output and current density according to 
[94]. As a consequence, aeration is no longer needed for single compartment MFCs with a 
cathode that is directly exposed to air. Rhoads et al. [30] measured the cathodic polarization 
curves for oxygen and manganese and found that reducing manganese oxides delivered a 
current density up to 2 orders of magnitude higher than that by reducing oxygen. Surely 
changing operating conditions can improve the power output level of the MFCs. However, it 
 110 
 
is not a revolutionary method to upgrade the MFCs from low power system to an applicable 
energy source at the very present. The bottleneck lies in the low rate of metabolism of the 
microbes in the M Cs. Even at their fastest growth rate (i.e. μmax value) microbes are 
relatively slow transformers. The biotransformation rate of substrates to electrons has a fixed 
ceiling which is inherently slow. Effort should be focused on how to break the inherent 
metabolic limitation of the microbes for the MFC application. High temperature can 
accelerate nearly all kinds of reactions including chemical and biological ones. 
 
5.9. Electrochemical characterization techniques 
Electrochemical/analytical techniques have an essential role in this continuing process; they 
are vitally important in analyzing the limiting performances of each component, to optimize 
MFC operation, and to allow continued innovation. The following sections briefly introduce 
MFCs from an electrochemical point of view, before discussing the suitability of the various 
techniques that can be used in studying these complicated systems. 
 
5.9.1. Choice of electrode configuration 
Two- and three-electrode configurations are commonly employed to determine MFC and 
electrode performances; a four-electrode configuration is sometimes used when the 
conductivity of an electrolyte (membrane) or  electrode material is tested by electrochemical 
impedance spectroscopy (EIS) [95]. In practice, a MFC only needs two electrodes for 
electricity generation, an anode and a cathode. The measurement of a cathode–anode two 
electrode configuration represents the overall MFC performance, which will be limited by 
many factors and is rarely completely reproducible due to changes in the growth, evolution, 
and metabolism of the consortium of microbes present. In order to avoid unwanted 
perturbations to the system and to simplify studies, a reference electrode (RE) and a counter 
electrode (CE, sometimes called an auxiliary electrode) are often introduced into a MFC in 
order to analyze the behavior of an individual working electrode (WE), which can either be 
the anode or cathode: this is then a three-electrode configuration.  
 
5.9.2. Open Circuit voltage 
The open circuit voltage (OCV) is the voltage of a MFC under a no-load condition (no 
current generation) and can be measured with a high impedance voltmeter or potentiometer in 
a two-electrode configuration between anode-cathode chambers. For example, a typical 
measured potential of a cathode using oxygen at pH 7 is about 0.2 V. This is clearly lower 
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than the expected value of 0.805 V, indicating the large energy loss occurring at the cathode. 
This energy loss is often referred to as overpotential, or the difference between the potential 
under equilibrium conditions and the actual potential, which for this case is 0.605 V (0.805 V 
- 0.2 V). This illustrates that the main application of thermodynamic calculations is to 
identify the size and nature of energy losses [79, 95]. 
 
5.9.3. MFC polarization techniques 
The term “polarization” is the change of electrode potential or M C voltage from its 
equilibrium state due to a flow of current. Polarization curves are plots of electrode potential 
(or MFC voltage) as a function of current or current density. There are four options for the 
measurement of MFC polarization discharge curves: (a) constant resistance discharge 
measured by connecting different resistors to the MFC and measuring the resulting currents 
and voltages; (b) potentiodynamic polarization, i.e. linear sweep voltammetry (LSV) where 
current is measured with slow voltage scan rate (e.g. 1 mV/s); (c) galvanostatic discharge, 
where the current is controlled and the resulting voltages measured; and (d) potentiostatic 
discharge, where the voltage is controlled and the resulting currents measured.  
The factors affecting the steady state operation for MFCs are much more complicated than 
for traditional electrochemical systems. it is difficult to record a credible steady state 
polarization curve with a MFC for the following principal reasons: (a) the nature of the 
microbial species/communities is evolving with time and electrode potential, with concurrent 
changes in the biofilm (for chemical fuel cells, the composition and structure of catalysts 
change only very slowly with time via various degradation reactions, < 100 µV/h in the best 
systems); (b) the concentrations of electroactive metabolites and/or substrate may also be 
constantly changing with time and potential (chemical fuel cells supplied with gases can be 
tested or operated with very precise and constant fuel/oxidant supplies); finally (c) the 
mechanisms of electrode reactions and operational conditions may be different for each 
different type of MFC, each requiring different sampling rates. MFCs can exhibit stable 
behavior in simple time-related voltage and current experiments using fixed resistance load, 
but long-term polarization testing requires caution as there is a continual risk of the presence 
of the above changes [79, 96]. 
An ideal polarization curve for a power generation device (MFC or chemical fuel cell) 
includes three characteristic regions located at different current ranges (either well 
segregated, as is typical with chemical fuel cells, or with varying and significant levels of 
overlap, as is more typical with MFCs) as shown in Figure 5.3a and summarized below [79]: 
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(a) the region of activation losses (region A), (b) the region of ohmic losses (region B) and (c) 
the region of mass transfer losses. For more details see Section 6.9. 
 
5.9.4. Current interruption (CI) 
Current interruption (CI) techniques have been used extensively to measure the internal 
ohmic resistance of chemical fuel cells and more recently of MFCs [96]. As shown in Figure 
5.5, the basic principle of the CI is to interrupt the current flow and to observe the resulting 
voltage transients. On current interruption, the ohmic overpotential is separated from other 
overpotentials as the former is a near instantaneous process, whereas the relaxation times for 
other voltage loss phenomena are significantly longer. CI measurements can be conducted 
using low cost electronic equipment, and resulting data are easily interpreted. The primary 
disadvantage is that very short duration (< 10 µs) measurements of the perturbation to the 
system are required for precise and accurate determinations, and it is possible to overestimate 
the voltage changes if data collection is not rapid enough (sample rate is too low). Another 
disadvantage of using CI is that it is difficult to distinguish between charge transfer and mass 
transfer impedances [95]. 
 
Figure 5.5. An ideal voltage transient in a MFC after current interruption. The MFC is firstly 
operated  at a fixed current, and then current is interrupted at to [95] 
 
5.9.5. Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy (EIS) takes advantage of the large spectrum of time 
scales over which different processes occur in the system being studied. It is a powerful tool 
for examining chemical and physical processes in solutions, at solid–liquid interfaces and at 
solid–solid interfaces, as it allows the separation of the different voltage loss phenomena [97-
99]. There are two common graphical representations used in EIS: Nyquist plots and Bode 
plots as is shown in Figure 5.6. The main shortcoming of Nyquist plots is that they do not 
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show the frequency represented by each data point (each point being a representation of the 
impedance vector in the complex plane at a particular frequency); Bode plots show this 
frequency information as they are plots of the magnitude and phase angle of the impedance 
vector versus frequency [95]. EIS data collection and analysis, especially when equivalent 
circuit modelling is used to interpret results and the reaction mechanism of electrode is not 
well known. Each EIS equivalent circuit element introduced (resistor, capacitance or 
inductor) must represent something in the real system. The use and analysis of EIS in MFCs 
context are still emerging. For this propose, detailed information on the internal ohmic 
resistances, and on the charge and mass transfer impedances, can be obtained on the analysis 
of correctly collected EIS spectra. For example, the Nyquist plot and the Bode plots of a 
single chamber MFC with an air cathode developed for wastewater treatment are shown in 
Figure 5.6. The internal ohmic resistance is often determined by the high frequency intercept 
of the curve with the real impedance axis (Zre—the x-axis) [97]. The internal ohmic 
resistances recorded using EIS data are much more accurate than when using simple single 
frequency resistance measurements. EIS can, like CI, overestimate internal ohmic resistances, 
especially at high d.c. discharge current densities; however, this overestimation tends to occur 
at current densities of > 0.5 A/cm
2 
(geometric) achievable in H2/O2 chemical fuel cells, which 
are unlikely to be achieved with MFCs. With EIS technique the conductivity of electrode 
materials and membranes can be easily measured [95]. EIS has been applied additionally for 
the detection of the environmental limiting processes in MFCs, such as the effect of pH and 
biofilm formation on the electrodes [99, 100]. 
 
Figure 5.6. (a) A Nyquist plot and (b) a Bode plot of the impedance spectrum of a single 
chamber MFC  measured with two-electrode configuration under open circuit voltage. The 
frequency range was 10
6–0.1 Hz with a potential perturbation signal of 10 mV rms. Rohm was 
the internal ohmic resistance, Ract, was the charge transfer “resistance” [95] 
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5.9.6. Cyclic voltammetry 
In MFC studies, CV experiments have been used extensively to: (i) investigate the 
mechanisms of electrode reactions involving both direct and indirect electron transfer 
between the biofilm and the electrode; (ii) determine the redox potentials of the chemical or 
biological species involved at the anode or cathode (for a reversible redox couple, the average 
of the cathodic and anodic peak gives the reversible potential for that couple referenced 
against the RE being employed); and (iii) to evaluate the performance of the catalysts being 
studied [95]. 
CV is a simple technique and results are obtained in a relatively short time. However, 
background experiments (with blank electrolyte) are mandatory for high quality mechanistic 
studies. When microbial communities are present in MFC chambers, the peak current and the 
peak potential coming from the electrode interface reactions might involve direct electron 
transfer and/or indirect electron transfer. For complex systems, where there are many 
unknowns (especially relevant to wastewaters), the following CV testing protocols are 
recommended, as a minimum, to aid understanding: (a) Effects of electrode and electrolyte: 
Employ a biofilmless electrode in un-inoculated or abiotic electrolyte; (b) Effect of the 
biofilm: Employ a biofilm-coated electrode in the un-inoculated or abiotic electrolyte; (c) 
Effect of the substrate: Employ a biofilm-less and a biofilm-coated electrode in the un-
inoculated or abiotic electrolyte with the addition of fresh substrate; (d) Effects of the 
suspended cells: Employ a biofilm-less electrode in an inoculated electrolyte; (e) Effect of the 
metabolites: Employ a biofilm-less electrode in the inoculated electrolyte with consumed 
substrate(s) [79, 95]. 
The characteristics of CV depend on several factors, such as the electrode surface 
pretreatment, the rate of the electron transfer reactions, the chemical and biological species 
present and their thermodynamic properties, the concentration of electroactive species and 
their rates of diffusion and the sweep rate. It should be noted that many electrode materials 
used in MFCs cannot produce reversible electrochemical reactions even for the classic 
reversible redox couple Fe(CN)6
3-
/Fe(CN)6
4-
. The main reason for this is that the 
heterogeneous processes of electrode reactions can be significantly affected by the 
microstructure, roughness and function groups present on the electrode surface [79, 95]. 
Electrochemical/analytical techniques have an essential role in this continuous process; they 
are vitally important in analyzing the limiting performances of each component, to optimize 
MF operation, and to allow continued innovation. More details with respect to the common 
electrochemical characterization used in MFC system are discussed in  [79, 95, 99]. 
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5.10. Factors limiting the electrical energy generation 
The microbial conversion of substrates is a key process to generate electricity in MFCs. 
Despite, the microbial nature of the process, it is affected by electrochemical laws and 
principles which generally results in a lowering of the attainable voltage. The main electrical 
principles and the processes governing these losses are briefly described. Subsequently, the 
various conversions efficiencies are discussed.  
 
5.10.1. Electrical parameters  
Due to the positive potential difference (ΔE) between the poles of the M C, the flow of 
electrons (I) generates a useful power (P) according to: P = I x ΔE. The ratio between the 
voltage and the current is determined by the external resistance (Rext) according to Ohms law: 
ΔE = I x Rext. When the external resistance is infinite (open circuit conditions) no current 
flows and the open circuit voltage (OCV) is obtained. Conversely, when the Rext is zero 
(short circuit conditions; ΔE = zero) the short circuit current (ISCC) is generated [101].  
Alternatively, the relation between the cell voltage and the current (density) can be visualized 
by a polarization curve (Figure 5.7). From the polarization curve, the power performance 
curve can be calculated (Figure 5.7). The latter presents the relation between the power 
generation for a given current. The power delivered by a fuel cell is maximized when the 
external load matches the internal resistance of the fuel cell system [102]. Due to losses of 
any kind (see below), these curves are unfortunately not straight lines but they have a typical 
pattern (Figure 5.7). 
 
Figure 5.7. The polarization curve (blue), with the respective open circuit voltage (OCV) and 
iSCC (short circuit current density) and the power performance curve (red), with the maximum 
power density (Pmax). From the point of maximum power density, the optimal voltage (Eopt) 
and optimal current density (iopt) can be deduced. The striped lines indicate the ideal 
theoretical polarization curve and power performance curve in case no losses occur [87] 
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5.10.2. Activation losses 
In order to start the transfer of electrons from the electrochemical active microorganisms 
(EAM) towards the electrode or to transfer electrons towards a final electron acceptor, an 
energy barrier needs to be overcome, which results in a voltage loss or activation 
overpotential [27, 101]. Activation losses are characterized by an initial steep decrease of the 
cell voltage at the onset of the electricity generation (region A of Figure 5.8). As the current 
steadily increases, the other losses e.g. ohmic and mass transfer losses become proportionally 
more important. Low activation losses can be achieved by increasing the electrode surface 
area, improving the electrode catalysis, increasing the operating temperature, and in case of 
the microbial catalysis, through the establishment of an enriched biofilm on the electrode(s). 
It is hypothesized that microorganisms can lower the activation overpotential and thus 
increase their metabolic energy gain by optimizing their electron transferring strategies [79, 
101].  
 
Figure 5.8. A cathodic (E
cathode
) and anodic (E
anode
) polarization curve indicating the region 
of activation losses (region A), the ohmic losses (region B) and mass transfer losses (region 
C). The cell voltage is represented by ΔE, the losses by η and the ohmic loss by I.∑RΩ . The 
equilibrium potentials of the electrodes are indicated by Ee
cathode
 and Ee
cathode
. It is assumed 
that the reference electrode is placed near the anode [87] 
 
5.10.3. Ohmic losses 
The flow of electrons is hampered by the resistance of the electrode material, which 
introduces an ohmic voltage loss. The higher the conductivity of the electrode material and 
the lower the contact losses and travel distance of the electrons within the electrode, the more 
efficient are the electron conduction and the lower the ohmic loss. In general the ohmic losses 
are proportionally most determinative in region B of Figure 5.8. There are several techniques 
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to characterize the ohmic losses in an MFC, such as polarization curve, the current interrupt 
method and electrochemical impedance spectroscopy [79, 87, 101]. 
 
5.10.4. Mass transfer  
The supply of sufficient substrate to the anodic biofilm and electron acceptor to the cathode 
surface at rates of at least the equivalent of the current generation is crucial to sustain the 
current generation. In addition, the accumulation of waste products in the biofilm, e.g. 
oxidized intermediates or protons, needs to be prevented as this might change the redox 
conditions and hamper the metabolic activity of the biofilm. A limited mass transfer of 
substrate or electron acceptors towards the anode or cathode respectively, can result in 
concentration or mass transfer losses [27]. Generally, mass transfer losses are characterized 
by a steep decrease of the cell voltage at near maximum current densities during polarization 
(Region C of Figure 5.8). In addition, a poor transfer of protons can cause the development of 
a pH gradient on the electrodes and between the anode and the cathode compartments. Both 
seriously affect the MFC performance [101, 103, 104]. 
 
5.10.5. Electron quenching reactions and energy efficiency  
Substrate competing processes, such as fermentation or methanogenesis and respiration (if 
oxygen intrudes), result in a loss of electrons [70, 77]. Also, part of the substrate is inherently 
converted into anodophilic biomass. Moreover, a leakage of substrate towards the cathode 
results in a potential electron loss. All these processes lower the conversion of substrate into 
current which is expressed by the Coulombic efficiency (CE). The CE is defined as the ratio 
of the amount of substrate administered and the amount of electrons recovered. The ratio 
between the actual cell voltage (ΔE ) and the OCV is determined as the potential efficiency 
(PE) [105]. By multiplying the CE and the PE, the energy conversion efficiency (ECE) is 
obtained. It is not possible to simultaneously maximize both the power density and the energy 
conversion efficiency. As a consequence, the energy conversion efficiency of a fuel cell is 
only 50% when power density is maximized [102]. In general, the fuel efficiency increases as 
the ratio of the external load to the internal resistance increases, however in this case the 
power output decreases [101]. 
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Chapter 6 
 
New approach for low-cost microbial fuel cells for energy sustainable waste-streams 
treatment  
 
6.1. Introduction 
The actual bottlenecks of the MFCs technology are manly a low power density per unit of 
volume and a low Coulombic yield i.e. the efficiency in converting chemical energy into 
electricity [1]. The research towards a significant enhancement of the MFCs performance 
involves two key topics: (1) the electrodes features (chemical and physical properties, micro 
and macro structures) and (2) the selection of the microorganisms used at the anode 
compartment. The material used for electrodes manufacturing should have excellent electrical 
conductivity, full biocompatibility, high corrosion resistance, sufficient mechanical strength 
and high surface area per unit volume. During the past decade, a variety of materials have 
been investigated, including graphite fiber brushes, graphite rods, carbon paper, carbon mesh, 
and carbon felt [2-5]. Carbon-based electrodes can be prepared in different configurations: 
planar structures, packed structures or brush structure. Examples of flat-plate structure are: 
carbon paper and mesh, graphite plates or sheets and carbon cloth or felt [3, 6-9]. Packed-
structures are becoming increasingly common in MFC [10-15] since they increase the surface 
area available for bacteria growth. It is of great significance to select and develop suitable 
electrodes materials to optimize and promote the performances of MFCs. Moreover, as a 
main component, the electrode materials determine the price of MFCs and thus influence in 
the final wastewater treatment and output power cost.  
To this purpose, this Chapter presents an experimental investigation aimed to test several 
low-cost commercial carbon-based materials used as electrodes of MFC. Experimental tests 
were carried out using a two-compartment prototype MFC. Saccharomyces cerevisiae 
(baker’s yeast) was used as “model microorganism”, first of all for its fair reproducibility, 
that permit easily to compare the performance of the different anode electrode tested and 
secondly for its rapid startup, easy preparation and  low cost [16]. All the tests were 
performed at the same operating conditions using commercial carbon-based materials as 
anode electrode. Most of the tested materials are designed and intended for other uses [17], 
however their relatively low cost and easy availability might contribute significantly to the 
scale-up of the MFCs sustainable energy generation. The electrode materials examined 
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included: different carbon textiles, granules graphite, active carbon, carbon sheet, carbon felt 
and graphite rods. Materials were characterized from a morphological point of view in order 
to evaluate the available surface for microorganisms growth. Electrochemical experiments 
were performed and results were analyzed through the use of polarization curves which gave 
information on the dynamics of the electron transfer and hence about the output generation. 
Finally, the electrodes were compared in terms of global performance, criticism, application 
range and possibility of future modification of the electrode surface in order to increase the 
power density. 
The results of this research are part of the publication entitled: “New approach for low-cost 
microbial fuel cells for energy sustainable waste-streams treatment”. T. Tommasi,  D. 
Hidalgo, I. Mazzarino, E. Celasco, A. Sacco, B. Ruggeri. Under preparation.  
 
6.2. Experimental 
6.2.1. Electrodes materials and preparation 
The carbon-based conductive materials tested as anode electrode in an MFC were: carbon 
mesh: C200-T, NCT-200, C200-D, NCUD-150 (all produced by Prochima, Italy), carbon 
sheet (Carolina, USA), carbon felt (SGL Group, Germany) and granules graphite (1 - 4 mm, 
MGT s.r.l. Italy). For all experiments, carbon sheet (Carolina, USA) was used as cathode 
electrode. The preparation of the electrode material depends on the shape of material to be 
tested. For granular material, it has been weighed the required amount of material to 
completely fill the anode chamber.  Instead, in the case of carbon textiles, carbon felt and 
carbon sheet, it has been cut the required amount of conductive material in order to ensure an 
entire covering of the anode compartments. The electrical connection was assured by using a 
graphite rod (2 mm of diameter) inserted in both anode and cathode chambers, in order to 
ensure an effective current carrying as showed in Figure 6.1. 
 
6.2.2. MFC configuration and operation 
The MFC device consists of two rectangular chambers, i.e. the anode and the cathode, in 
plexiglass with dimension (4 cm x 3 cm x 1cm) separated by a cation exchange membrane 
(CEM, CMI 7000, Membranes International Inc.) as shown in Figure 6.1. Both anode and 
cathode chamber were filled with the conductive material as is described in Section 6.2.1. All 
the investigations have been conducted under the same operational conditions, in batch mode 
at room temperature (22 ± 2 ºC) using Saccharomyces cerevisiae (baker's yeast) as active 
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microorganism. The anode chamber was filled with baker's yeast (100 g·L
-1
), glucose (60 
g·L
-1
) used as synthetic substrate and methylene blue (1.22 g·L
-1
) used as redox mediator for 
the transport of electrons from Saccharomyces cerevisiae to the anode electrode surface. The 
cathodic compartment was filled by potassium ferricyanide (6.58 g·L
-1
) used as oxidant 
compound. To prepare anodic and cathodic solutions, a buffer solution of phosphate minerals 
salts: Na2HPO4 (8.2 g·L
-1
) and NaH2PO4 (5.2 g·L
-1
) was used. 
 
Figure 6.1. Miniaturized microbial fuel cells configuration 
 
6.2.3. Characterization and electrochemical measurements  
The surface morphologies of the anode before incubation with microorganisms were 
examined by a Field Emission Scanning Electron Microscope (FESEM, ZEISS supra 40) and 
Optical microscope (Axio Scope A1 POL) as shown in Figure 6.2. Resistivity measurements 
have been performed in a size material of 2 cm x 2 cm using a Keithley 2635 Source Measure 
Unit in four-point probe configuration.  
All electrochemical experiments were performed by a multi-channel VSP 
potentiostat/galvanostat produced by BioLogic. Measurements were recorded by using EC-
Lab software version 10.1x for data acquisition. All tests were carried out using a two 
electrode configuration, where the working electrode was coupled to the anode and both 
counter and reference electrodes were connected to the cathode. The electrochemical 
performance of the MFC was carried out using polarization curves. Experiments were 
characterized in terms of open circuit voltage (OCV), current density and power density of 
the MFC in order to gain information on the dynamics of electron transfer and hence, on 
power production.  
Polarization curves were performed at a scan rate of 1 mV·s
-1
 when a constant OCV was 
achieved, from the open-circuit cell voltage V0 (where I = 0) to the short-circuit cell voltage 
Vsc = 0 (where I = Imax). The measurements were carried out from time t20min to t24h in order 
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to examine S. cerevisiae ability to consume the substrate. From the I-V curves, the power 
density was calculated by P = I·V·v
-1
, where I, V and v represent current recorded, voltage 
output and the total anode volume (10 ± 2 mL), respectively.  
6.3. Results and discussion 
 
6.3.1. Properties of commercial carbon-based materials as electrode in MFC 
In MFC applications, a good anode material should have the following properties: good 
electrical conductivity, strong biocompatibility, chemical stability and anti-corrosion, large 
surface area to support microorganisms growth; and appropriate mechanical strength and 
toughness. Due to its excellent electrical conductivity and chemical stability carbon based 
materials have become the most used electrode in MFC although several reports have 
attempted to use non-carbon materials in order to develop new promising electrodes [18-20]. 
In terms of configuration, carbon-based electrodes can be divided into a plane structure, a 
packed structure and brush structure. In this section are discussed in detail carbon-based 
materials with flat-plane and packed structure configuration. The structure of the carbon-based 
materials tested are shown in Figure 6.2, with a plane structure were: carbon mesh (C200-T, 
NCT-200, C200-D, NCUD-150), carbon sheet (C-SHEET) and carbon felt (C-FELT), while 
granules graphite (G-GRAPHITE) present a packed structure. 
 
Figure 6.2. Images of the commercial carbon-based materials used as anode electrode in 
MFC 
 
Carbon mesh produced by Prochima are usually used for the building of products that require 
high mechanical resistance and rigidity, e.g. airplane and car components, sports equipment 
and bike frames For these ends, these textiles are normally used together with epoxy matrices, 
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obtaining extreme rigid and light laminated textile, with an elastic modulus similar to steel, 
high tensile strength and low elongation percentage. For MFC applications, these carbon 
meshes seem to offer a suitable support for microorganisms support and proliferation as well 
as large resistance which could be beneficial in large-scale MFCs. In addition, carbon mesh 
materials are produced by a relatively easy procedure and for that reason they could represent 
a low-cost option.  
Carbon sheet is very thin and relatively stiff but slightly brittle (see Table 6.1). It offers a 
compact structure and a relatively smooth surface, both of which facilitate the quantitative 
measurement of biomass per unit of surface area. However, its low specific area and high cost 
with respect to carbon mesh could inhibit the application of this electrode in scale-up MFC. In 
comparison with carbon sheet, carbon felt is much more thick and flexible, giving to the 
materials high large resistance. Its loose texture confers more space for bacteria growth 
although the growth of bacteria is more likely to be restricted by the mass transfer of substrate 
and products on its inner surface. In addition, the plane structure of carbon sheet and carbon 
felt offer a beneficial solution to the reduction in the distance between the two electrodes 
which have been demonstrated to improve the performances of MFCs [21]. 
Packing electrodes such as granules graphite offer larger resistance with respect to carbon 
mesh and carbon sheet. The use of carbon-based electrodes in packing form is becoming 
increasingly common in MFC [10-14] since it’s obtained a substantial increase in the available 
surface area for microorganisms growth [22-24]. In order to make the complete bed 
conductive, the granules must be tightly packed next to each other, although dead zones for 
current collection may still exist after long term running  [25]. Using packing materials 
problems of biofouling can occur because of granules are heavy and could clog after long-term 
running, and as a consequence both the gaseous products (CO2) and nutrients does not 
permeate and flow easily.  
In Table 6.1 are reported the electrical resistivity of the tested carbon-based materials, which is 
intrinsic property that quantifies how strongly a given material opposes the flow of electric 
current. Thus, a low resistivity indicates a material that readily allows the movement of 
electric charge. In this way, the electrical resistivities of the tested materials increase in the 
following order: C-FELT, C200-D, NCT-200, NCUD-150, C-SHEET and C200-T. For G-
GRAPHITE are not reported the electrical resistivity due to the difficult to perform the 
measurement in the packed material. 
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Table 6.1. Thickness and resistivity of the commercial carbon-based materials used as anode 
electrode  
Anode material Thickness (mm) Resistivity (Ω/cm2) 
C200-T 0.6 0.170 
NCT-200 0.7 0.048 
C200-D 0.7 0.045 
NCUD-150 0.8 0.083 
C-SHEET 0.5 0.092 
C-FELT 10 0.015 
 
6.3.2. Power generation 
Electrochemical characterization of the commercial carbon-based materials were conducted in 
an MFC in order to give information on which materials are suitable to be used or not as 
electrode in a MFC. The tested materials were: carbon mesh (C200-T, NCT-200, C200-D, 
NCUD-150), carbon sheet (C-SHEET), carbon felt (C-FELT) and granules graphite (G-
GRAPHITE). Figure 6.3 shows the polarization curves (I,V) obtained by Linear Sweep 
Voltammetry technique, varying the potential from Open Circuit Voltage (OCV) till to 0 V, 
which correspond to the Short Circuit Current (SCC) condition. After feeding each chamber 
with anodic and cathodic solutions, MFC required at least 2 h to reach pseudo-steady-state 
conditions after a start-up period in which open circuit voltage of the MFC increased. For this 
reason, comparison of the materials was performed considering the results obtained after two 
hours of operation as shown in Table 6.2. 
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Figure 6.3. Polarization curves of commercial carbon-based materials: (a1,a2) C200-T; 
(b1,b2) NCT-200; (c1,c2) C200-D; (d1,d2) NCUD-150; (e1,e2) C-SHEET and (f1,f2) C-
FELT at OCV conditions with respect to the maximum current density and power density 
obtained, respectively 
 
Electrochemical results showed that low-cost carbon mesh materials C200-T (Figures 6.3a1 
and 6.3a2) and NCT-200 (Figures 6.3b1 and 6.3b2) gave the best performance, producing 
after 2 h of operation a maximum power densities of 42.4 µW/cm
3
 (164.3 µA/cm
3
)
 
and 32.3 
µW/cm
3 
(330.3 µA/cm
3
), respectively. It is worth to noting that C200-T (Figure 6.3a1) showed 
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a sudden reduction of the current density at low potentials with respect to NCT-200 (Figure 
6.3b1). This phenomenon could be explained taking into account that to supply high current, 
all the electrons from the anode are transported to the cathode and that at the anode surface 
predominate mass transfer phenomena [26]. Moreover, carbon mesh materials C200-D 
(Figures 6.3c1 and 6.3c2) and NCUD-150 (Figures 6.3d1 and 6.3d2) gave the lowest 
performance with respect to the previous carbon mesh, producing after 2 h of operation a 
maximum power densities of 11.4 µW/cm
3
 (152.7 µA/cm
3
)
 
and 2.8 µW/cm
3 
(26.4 µA/cm
3
), 
respectively. This could be associated due to the present of the so called “activation zone” 
[26], at high potential and low current. In this zone, where the electrons coming from the 
active microorganisms need to overcome an energy barrier to generate electricity lowering the 
cell voltage; this is more evident in the case of C200-D in Figure 6.3c1. 
 In spite of the activation losses and mass transfer phenomena, it is worth noting that the mesh 
structure of these materials allowed a good contact of anode solution in their porosity created 
by overlapping of the carbon-fibers. In this way, anode solution can easily come in contact 
with the electrode material which favors the electron transport from microorganisms to the 
electrode. However, all these materials tend to lose strength and therefore its shape after being 
in contact for long periods of operation. 
Results obtained to C-SHEET (Figures 6.3e1 and 6.3e2) showed a maximum power density 
of 15.8 µW/cm
3
 (44.1 µA/cm
3
) while that C-FELT (Figures 6.3f1 6.3f2) produced a 
maximum power density around 13.2 µW/cm
3
 (82.4 µA/cm
3
). The sudden decrease of the 
current density for C-SHEET at voltages < 0.35 V (Figure 6.3e1) could be associated to 
ohmic losses [26], in which ohmic electrolyte resistance and the resistance of the membrane 
are the dominated phenomenon. In addition, due to C-SHEET is slightly brittle its lose 
strength which hinders a complete coverage of the anode chamber after some time of 
operation. Moreover, the suddenly reduction on the current density at low voltage for C-
FELT is related to mass transfer phenomena as was explained above for carbon mesh C200-
T. In spite of this, C-FELT due to its loose texture confers more space for bacteria growth 
and because of its large resistance has been used in a large number of MFC studies [15]. 
Finally, by using graphite granules we obtained that important problems of biofouling can 
occur because granules are heavy and could clog after long-term running: both the gaseous 
products (CO2) and nutrients does not permeate and flow easily inside the MFC. For this 
reason, it was found that graphite granules was not suitable materials to be use as electrode in 
an MFC. In particular, Figure 6.3 shows that both current and potential density tend to 
decrease during test evolution, lowering the power output of the cell: this behavior, which 
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was repeated for most of the carbon-materials used, is due to the consumption of reagents 
including carbon source by microorganisms activity and hence the lower  microorganisms 
growth during time even if some accumulation of toxic substances able to inhibit the 
metabolism cannot be excluded considering that the tests were performed in batch conditions. 
 
Table 6.2. Open circuit voltage, maximum current density and maximum power obtained 
after 2 h of operation by using different commercial carbon-based materials as anode 
electrode in an MFC operated with Saccharomyces cerevisiae as active microorganism and 
methylene blue as redox mediator 
 
Anode material OCV (V) 
Maximum current density 
(µA/cm
3
) 
Maximum power density 
(µW/cm
3
) 
C200-T 0.44 164.3 42.4 
NCT-200 0.48 330.3 32.3 
C200-D 0.49 152.7 11.4 
NCUD-150 0.45 26.4 2.8 
C-SHEET 0.44 44.1 15.8 
C-FELT 0.45 82.4 13.2 
 
6.4. Conclusions 
This study demonstrated that commercial materials are suitable electrodes for MFC; their use 
could either reduce MFC costs or improve the energy sustainability of the process, promoting 
the MFC technology as possible alternative in waste water treatment. Commercial carbon 
mesh gave the best results producing maximum power density around 42.4 (µW/cm
3
) by 
using C200-T. However, these materials tended to fray and lose strength during batch 
operation hindering their use in long-term evaluation test MFC. Moreover, even if the 
electrical performance of C-FELT was lower than to carbon meshes, it has a great application 
potential thanks to its great mechanical resistance, surface area, adaptability and flexibility 
that gives greater possibilities expectation for long-term application. Due to these reason that 
during this work C-FELT is considered as reference electrode material. In order to increase 
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power generation in MFC by using low-cost and commercial carbon-based materials several 
strategies can be adopted. For example, some important future directions of the research 
could be the treatment of the surface of commercial materials in order to facilitate electron 
recovery, hence lowering the electrical resistance of the materials and in the same time to 
evaluate the best behavior of material in contact with a consortium of microorganisms in the 
transferring electrons from the cell of bacteria to the anode electrode. 
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Chapter 7 
 
Surface modification of commercial carbon felt used as anode for Microbial Fuel Cells 
(MFCs) 
 
7.1. Introduction 
Several investigation have been conducted in order to increase power densities in MFC. Up-
to date, ones of the bottlenecks of MFCs technology is the electron transfer from 
microorganisms to the electrode. In order to obtain a significant enhancement of the MFCs 
performance, an ideal anode material should promote bacterial attachment and facilitate 
electron transfer. In order to improve bacterial adhesion and electron transfer, electrode 
surface modification and/or activation have become a new topic of interest in the research 
field of MFCs. To address these issues, several strategies have been developed on carbon-
based materials to improve the performances of MFC anode, such as metal and non-metal 
materials modification [1], conductive polymers deposition [2], carbon nanotubes coating [3], 
ammonium treatment [4] and self-made metal-graphite composite [5]. 
Recently, nitrogen groups incorporation in carbon-based materials has been studied as anode-
modification in MFC, which was reported to be beneficial in facilitating the electron transfer 
from the microorganisms to the electrode. The results reported in literature evidence that high 
temperature treatments in presence of air or ammonia gas on carbon mesh can produce an 
increase on power density of 14% and 25%, respectively than untreated commercial carbon 
mesh, likely due to an increase in the N/C ratio at the surface of the material [6]. Heating 
carbon cloth surfaces at high temperatures with ammonia gas (700 °C for 1 h) showed an 
increase in power density of 20% compared to untreated carbon cloth and a reduction of the 
start-up time of the MFCs, likely due to an increase of the amine groups on the surface of the 
carbon cloth [4]. Power density of 28.4 mW·m
-2 
has been obtained using graphite felt after 
HNO3 treatment, in a single chamber MFCs configuration with brewery wastewater diluted 
with sewage [7]. Carbon cloth anodes treated by concentrated nitric acid and high 
temperature resulted in improved power generation around 1.4 and 2 fold higher, respectively 
with respect to the untreated carbon cloth by a microbial fuel cell [8]. 
Conductive polymer materials such as polyaniline (PANI), polypyrrole (PPy) and composites 
materials based on them, in combination with carbon materials, have been studied for the 
same purpose: improvement of MFC performance [2, 9, 10]. PANI can be produced by 
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simple processes, it has good conductivity and it is biochemically stable in the microbial fuel 
cell working conditions, thus it has great application potential in the MFC. In previous works 
reported in literature, PANI was obtained by direct polymerization of the aniline in aqueous 
solution and then used as surface modifier of the electrode materials in the MFCs [2, 10]. 
Results obtained in a two-chamber MFC using a microbial community of Clostridiales and 
two conductive polymers: polyaniline (PANI) and polyaniline-co-o-aminophenol (PAOA) to 
modify carbon felt anode reached a maximum power density of 27.4 mW·m
-2
 and 23.8 
mW·m
-2
, and compared with unmodified carbon felt, i.e. increased by 35% and 18%, 
respectively [2]. In addition, power density of 26.5 mW·m
-2 
was achieved by deposition of 
polymer based material (PANI) on graphite felt as support in an MFC operated in batch 
mode, with brewery wastewater diluted with sewage [7]. However, besides the interesting 
potentialities of PANI, there are some drawbacks related to its preparation methods. In fact, 
these methods included the precipitation of already formed PANI on the carbon materials 
without any specific linking procedure and with the use of a mutagen substance such as 
aniline. Moreover, the doping agent was hydrochloridic acid and thus the PANI at the 
operational conditions inside the MFC was in the basic non conductive form [11].  
In this Chapter are reported the surface modification of carbon felt either with nitrogen 
groups incorporation or polymer deposition, in order to increase the electrochemical 
performances of commercial carbon felt (C-FELT) as anode electrode in MFCs. The new 
strategies include: HNO3 activation at low temperature (C-HNO3) and in situ deposition of 
PANI (C-PANI) on commercial carbon felt. Furthermore, it is proposed a new and 
chemically safe synthesis procedure and an in-situ deposition of PANI on carbon materials, 
starting from the aniline dimer (non toxic/mutagenic substance) and using 
polystyrensulfonate (PSS) as an emulsioning/doping agent which provide the necessary 
conditions for the use of PANI as surface modifier for electrode materials in the MFCs. The 
development of the PANI synthesis procedure have previously development and optimized 
by Bocchini and Chiolerio et al., at Istituto Italiano di Tecnologia as is reported in [12, 13].  
The surface properties of the C-FELT, C-HNO3 and C-PANI were analyzed and characterized 
by several methods: Field Emission Scanning Electron Microscopy, Energy Dispersive 
Spectroscopy, Fourier Transformed Infrared Spectra, resistivity measurements and 
impedance spectroscopy. The electrochemical performances of the anode materials were 
evaluated in a dual-chamber MFC using Saccaromyces cerevisiae as active microorganism, 
in terms of the dynamics of electron transfer and power generation.  
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The results of this research are part of the publication entitled: “Chemical pre-treatment of 
commercial carbon felt used as anode of Microbial  uel Cells”. D. Hidalgo, T. Tommasi, S. 
Bocchini, A. Chiolerio, A. Chiodoni, I. Mazzarino, B. Ruggeri. (2015) Energy. Submitted. 
 
7.2. Experimental 
7.2.1. Materials 
Commercial carbon felt (C-FELT) (Soft felt SIGRATHERM GFA5, SGL Carbon, Germany) 
and carbon paper (Carolina, USA) were used as electrode materials for anode and cathode 
chambers, respectively. Nitric acid (HNO3, 70%), N-phenyl-1,4-phenylendiamine (DANI, 
98%), poly (sodium 4-styrenesulfonate) (PSS), ammonium persulfate (APS, 98%), chloridric 
acid (HCl, 37%) and methanol (CH4O, 99.9%) were used to perform nitric acid activation 
and polyaniline deposition (PANI) on C- ELT. Baker’s yeast (Saccharomyces cerevisiae) 
was used as active microorganism. α-D-glucose (96%), methylene blue, potassium 
ferricyanide (≥ 99%), sodium phosphate dibasic dihydrate (≥ 98%) and sodium phosphate 
monobasic monohydrate (≥ 98%) were used to conduct electrochemical experiments in the 
MFC. All reagents used were purchased from Sigma Aldrich. 
 
7.2.2. Anode material preparation 
7.2.2.1. Activation of commercial carbon felt by nitric acid 
C-FELT was cleaned in acetone for 10 min to remove organic residues on the surface and 
then it was dried in air at room temperature. Subsequently, it was dipped in 500 mL of nitric 
acid (5% v/v) and maintained under agitation for 10 h at 80 °C. After the draining of the acid 
solution, the treated C-FELT was washed with distilled water until a neutral pH was 
achieved. Finally, treated C-FELT was dried in an oven at 110 °C for 12 h. 
 
7.2.2.2. Synthesis and deposition of PANI on carbon felt 
The deposition of PANI on C-FELT was made by using a similar technique to layer by layer 
deposition, where the PANI doped by PSS was grown in successive steps by alternating 
immersion in positively charged monomer solution and negatively charged 
polystyrensulfonate solution. The oxidizing agent was also included, thus providing a layer 
by layer successive polymerization-deposition as described below. 
PANI deposition was performed in situ on C-FELT adapting a synthesis methodology that 
was developed for the realization of a conductive ink [12, 13] starting from the aniline dimer 
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as follows: (1) the C-FELT was treated with a solution of 0.01 M of PSS in a solution 0.1 M 
of HCl for 15 min, (2) rinsed in distilled water and thus immersed in a solution 0.01 M of 
DANI in methanol for 15 min, and (3) rinsed again in distilled water and immersed in a 
solution of 0.01 M in APS, 0.01 M of PSS and 0.1 M of HCl for 15 min. The material was 
slightly pressed on absorbent paper to remove the excess of solution between stages. Steps 
(2) and (3) were repeated 8 times each, and at the end of the deposition the modified carbon 
material was washed in distilled water. Finally, the material was dried in air at room 
temperature for at least 12 h before being used in the MFCs. 
 
7.2.3. Characterizations of anode materials 
The surface morphologies of the different anodic materials before incubation were examined 
using a ZEISS Auriga Field Emission Scanning Electron Microscope (FESEM) equipped 
with an OXFORD INCA Energy Dispersive X-ray Spectroscopy (EDS) detector. In order to 
assess the functionalization with PANI, Fourier Transformed Infrared Spectra (FT-IR) 
measurement was performed on a Nicolet 5700 FTIR Spectrometer (ThermoFisher). From a 
small piece of the functionalised C-FELT, PANI was extracted with dimethylsulfoxide 
(DMSO) by dipping for 24 h. The resulting solution was casted on a silicon wafer and 
scanned with a signal resolution of 2 cm
-1
 in the range of (4000 - 400) cm
-1
. Resistivity 
measurements on carbon felt before and after treatment were performed using 4 cm
2
 of 
material by a Keithley 2635 Source Measure Unit. For this purpose, each sample was 
characterized in two different configurations: (1) placing the probes on the same plane of the 
material, “in-plane” configuration, and (2) placing the probes on opposite sides of the 
material, “out-of-plane” configuration mode. Materials were tested in both two point contact 
and four point contact configuration in order to evaluate the contact resistance. Impedance 
spectroscopy measurements on C-FELT before and after treatment were performed in out of 
plane configuration by submitting materials to a 100 mV signal using a precision impedance 
analyzer (LCR-meter Agilent E4980A) from 20 Hz up to 2 MHz. 
 
7.2.4. MFCs configuration and operation 
The MFC device consists of two square chambers in polymethylmethacrylate (PMMA) with 
dimension 8 cm x 8 cm x 2 cm separated by a cation exchange membrane (CEM, CMI 7000, 
Membranes International Inc.) as shown in Figure 7.1. In each chamber, the conductive 
material was introduced and connected with a graphite rod (5 mm in diameter) to ensure an 
effective current carrying capacity. The anodic materials tested were: (1) commercial carbon 
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felt (C-FELT), (2) HNO3-treated carbon felt (C-HNO3) and (3) PANI-deposited carbon felt 
(C-PANI), all with the same dimensions 8 cm x 8 cm x 0.5 cm. In each cathodic chamber, 
carbon paper with dimensions of 8 cm x 8 cm x 0.1 cm was used as cathode electrode. All the 
experiments were conducted in batch mode at room temperature (22 ± 2 ºC). The anodic 
compartment was filled by a solution containing baker’s yeast (Saccharomyces cerevisiae) 
(50 g·L
-1
) used as active microorganisms, glucose (60 g·L
-1
) used as synthetic substrate and 
methylene blue (1.22 g·L
-1
) used as redox mediator for the transport of electrons from the 
microorganisms to the electrode surface. The cathodic compartment was filled by potassium 
ferricyanide (6.58 g·L
-1
) used as final electron acceptor compound. A buffer solution of 
phosphate mineral salts: Na2HPO4·2H2O (8.2 g·L
-1
) and NaH2PO4·H2O (5.2 g·L
-1
) was used 
to prepare both anodic and cathodic solutions.  
 
 
Figure 7.1. Microbial Fuel Cell configuration 
 
7.2.5. Electrochemical characterizations  
Experiments were carried out in terms of Open Circuit Voltage (OCV), Linear Sweep 
Voltammetry (LSV) and Current Interrupt (CI) techniques. Electrochemical experiments 
were performed using a multi-channel VSP potentiostat/galvanostat produced by BioLogic. 
Measurements were recorded by using EC-Lab
®
 software version 10.1x for data acquisition. 
All tests were carried out using a two-electrode setup, where the working electrode was 
connected to the anode and both counter and reference electrodes were connected to the 
cathode. Polarization curves were performed at a scan rate of 1 mV·s
-1
 when constant OCV 
was achieved, from the open-circuit cell voltage V0 (where I = 0) to the short-circuit cell 
voltage Vsc = 0 (where I = Imax). From the I-V curves, the power density was calculated by P = 
I·V·v
-1
 , where I, V and v represent the current, the voltage output recorded and the medium 
anode volume, respectively. CI measurement was employed to evaluate the electrical 
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resistance of the MFC [14]. CI tests were performed for each tested anode materials at a 
voltage VCI equal to 90 % of OCV in the following manner: when the MFC produced a stable 
current output I0 under an applied voltage VCI, the circuit was opened causing a steep 
potential (VR) in the firsts 50 µs, followed by a progressive increase in voltage until to reach 
stable OCV conditions. The electrical resistance of the MFC was calculated as R = VR/I0 and a 
mean value of several measures were evaluated.  
 
7.3. Results and discussion 
7.3.1. Characterizations of anode materials 
FESEM analysis was used to investigate the morphological properties of the anode materials: 
C-FELT, C-HNO3 and C-PANI. In Figure 7.2a and 7.2b, the results obtained for C-FELT 
before treatments are reported in two different magnifications. The C-FELT was constituted 
by randomly arranged cylindrical fibers with a smooth surface. It is also possible to observe 
that the loose texture confers a suitable space for bacterial growth, despite the fact that the 
growth of bacteria is more likely to be controlled by mass transfer phenomena of substrate 
between liquid bulk and microorganisms surface [15]. In Figure 7.2c, the result obtained for 
C-HNO3 is reported. It turns out that the HNO3-treatment increases the roughness of the 
single carbon fiber, but do not damage the structure of the fiber itself. Figure 7.2d evidences 
that carbon fibers are covered with a PANI film, which makes the fibers pretty rough with 
respect to the commercial carbon felt, reported in Figure 7.2b. Also in the case of the PANI 
deposition, the integrity of the fibers is preserved. 
 
Figure 7.2. FESEM images of anode materials: (a,b) C-FELT, (c) C-HNO3 and (d) C-PANI 
The EDS elemental analysis reported in Figure 7.3 evidences the chemical composition of the 
anode materials used: C-FELT (black line), C-HNO3 (red line) and C-PANI (blue line). The 
 140 
 
C-FELT is mainly composed by carbon (C) and oxygen (O), while in the case of C-HNO3, the 
appearance of the nitrogen (N) peak and the increase of the oxygen peak intensity confirm the 
presence of superficial functional groups such as nitrogen [16] or oxygenated ones [17], 
which would favour the electrical conductivity between electrode materials and 
microorganisms. The presence of PANI on the C-PANI material was confirmed through the 
presence of sulphur (S), sodium (Na) and nitrogen (N) peaks, derived respectively from the 
sulphuric functional groups of PSS, the residual sodium salt of PSS and the presence of 
polyaniline which could increase the conductivity of the C-PANI with respect to C-FELT. The 
FT-IR spectrum of the extracted PANI obtained as described in the synthesis procedure 
(Section 7.2.3) after the in-situ formation on carbon felt, is reported in Figure 7.4. The PANI 
FT-IR spectrum shows the main PSS absorbance peaks confirming the formation of the 
PANI/PSS salt. PSS showed both the characteristic peaks of polystyrene and of sulfonation. 
The 3100 - 3000 cm
-1
 wavenumbers
 
zone showed the stretching of aromatic carbon hydrogen 
bonds (νCHarom) while in the 3000 - 2800 cm
-1
 zone the stretching carbon hydrogen bonds of 
the aliphatic chain (νCHaliph) are shown [18]. The carbon-carbon stretching of benzene ring is 
presented at 1596 and 1453 cm
-1
. Antisymmetric and symmetric vibrational adsorption peaks 
of SO
3-
 group can be assigned at 1224 and 1034 cm
-1
, respectively. The presence of PANI 
was assessed by the nitrogen-hydrogen bond stretching (νNH) of secondary aromatic amine at 
3250 cm
-1
. In the aromatic ring stretching region, the PANI exhibited a band at 1574 cm
-1
 
attributed to C=N stretching of quinoid diimine unit (the oxidised form of PANI). C–C 
aromatic ring stretching of the benzenoid diamine unit (the reduced form of PANI) appeared 
at 1509 cm
-1
 [19]. The 1308 cm
-1
 corresponded to the stretching C-N of benzenoid rings of 
PANI and the C=N of quinoid rings appeared at 1173 cm
-1
. The FTIR results obtained from 
the extracted PANI are in good agreement with the EDS report of C-PANI showed in Figure 
7.3.  
In order to complete the characterization of the carbon felts, resistivity measurements were 
performed in two different testing configurations: (1) “in-plane” and (2) “out-of-plane”, using 
two point contacts configuration, as reported in Section 7.2.3. The results of multiple 
measurements allowing computing the average and standard deviation of each experimental 
point (I versus V) is shown in Figure 7.5, in semilogarithmic scale (hence only the positive 
part of the I-V curves is visible).  
 141 
 
 
Figure 7.3. EDS spectrum of C-FELT (black line), C-HNO3 (red line) and C-PANI (blue 
line) 
 
  
 
Figure 7.4. FTIR spectra of PANI from the carbon felt after PANI deposition 
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Figure 7.5. I-V curves in log scale for two different testing configurations: (a) in-plane and 
(b) out-of-plane using two point contacts configuration 
Table 7.1 reports the values of the electrical resistance of C-FELT, C-HNO3 and C-PANI. 
From the in-plane data (Figure 7.5a), it is clear that the C-HNO3 experiences the highest 
conductivities, two orders of magnitude higher than the C-FELT and one order of magnitude 
higher than the C-PANI. From the out-of-plane data (Figure 7.5b), unexpectedly, the C-PANI 
gave the best result, overperforming the C-HNO3 in terms of maximum sustainable current. 
This could be explained by considering the random distribution and irregular contact across 
the carbon fibers (Figure 7.2a), which were strengthened through the in-situ formation of 
PANI (Figure 7.2d), favouring a decrease of the resistance of the material and ensuring a 
more stable electrical contact between the fibers.  
We also performed a comparison between out-of-plane two point contacts and out-of-plane 
four point contacts (not shown) measure approaches, in order to evaluate the contact 
resistance. The four point contacts measurement configuration is normally used to 
characterize metals (very low resistivity systems), as shown in Chiolerio et al [20]. Results 
indicate a variation of less than 10% in resistance between the two measures, thus suggesting 
that the contact resistance is estimated to be around 100 Ω for the C- ELT and around 30 Ω 
for both C-HNO3 and C-PANI. Furthermore, impedance spectroscopy study was conducted 
on the bare felts, again in the out-of-plane configuration, by submitting materials to a 100 mV 
signal. Figure 7.6a shows the real part of complex impedance (resistance) as a function of the 
measurement frequency, while Figure 7.6b shows the imaginary part of complex impedance 
(reactance). Resistance curves (Figure 7.6a) confirmed the results already disclosed by the I-
V analysis (Out-of-plane resistance as reported in Table 7.1, with a slight reduction of the 
 143 
 
absolute resistance values in the following order: C-FELT, C-HNO3 and C-PANI. The 
reactance values are overall very low, showing that in the case of C-HNO3 some negative 
reactance phenomena (capacitive behaviour) occur around 500 kHz, which disappears over 1 
MHz. 
Table 7.1. Resistance data collected from the I-V measurements performed in the anode 
materials under both in-plane and out-of-plane two point contacts configuration, and 
impedance spectroscopy measurements conducted in out-of-plane resistance configuration at 
1 kHz 
Material 
I-V analysis Impedance spectroscopy 
In plane resistance [Ω] 
Out of plane 
resistance [Ω] 
Out of plane resistance at 1 
kHz [Ω] 
C-FELT 2530 ± 30 1364 ± 7 80.5 ± 0.5 
C-HNO3 15.70 ± 0.02 311 ± 2 72 ± 1 
C-PANI 137 ± 2 247.5 ± 0.5 14.0 ± 0.5 
 
 Figure 7.6. Impedance spectroscopy measurements (a) resistance and (b) reactance curves as 
a function of signal frequency 
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7.3.2. Power generation 
Figure 7.7a shows the polarization curves (I,V) obtained by Linear Sweep Voltammetry 
technique, varying the potential from Open Circuit Voltage (OCV) till to 0 V, which 
correspond to the Short Circuit Current (SCC) condition. The tests were conducted using C-
FELT, C-HNO3 and C-PANI as anode materials. After feeding each chamber with anodic and 
cathodic solutions, MFC required at least 2 h to reach pseudo-steady-state conditions after a 
start-up period in which open circuit voltage of the MFC increased.  
The polarization curves of the anode materials after 2 h of operation show the usual behavior 
of others MFCs [21] and it can be divided in three zones: A, B and C as shown in Figure 7.7a.  
The A zone, at high potential and low current, the so called “activation zone”, is the zone 
where the electrons coming from the active microorganisms need to overcome an energy 
barrier to generate electricity lowering the cell voltage; this is more evident in the case of C-
HNO3 than C-PANI. In fact, the highest OCV value was obtained with C-HNO3 (0.63V 
against 0.46V of C-FELT), while in the test conducted with C-PANI the initial voltage of the 
MFC cell decreased from 0.46 of C-FELT to 0.40 V. This phenomenon could be explained 
considering the high difficulty of microorganisms adaptation, on the electrode surface, 
especially at the beginning of tests. In fact, in the case of C-PANI, due to the free chemical 
groups present on the surface, the electrochemical behaviour of cytoplasmic membrane of 
microorganisms is under stress and this could induce either some metabolic switch or damage 
[22]. Conversely, nitric acid treatment seems to permit an easier and fast adherence of 
microorganisms on the surface, probably thanks to increased roughness as well as to 
functional groups on the C-FELT surface, as it is possible to argue by comparing Figure 7.2b 
and Figure 7.2c. In the B zone, when the voltage falls more slowly, the phenomenon is 
dominated by the ohmic electrolyte resistance and by the resistance of the membrane. Here, 
both C-HNO3 and C-PANI present similar behavior, which confirm that both materials 
undergo an ohmic decay.  
In the third C zone, at very high current and approximately zero value of potential, the C-
PANI shows a higher voltage drop, which means a higher electrical resistance. This 
phenomenon could be explained taking into account that to supply the very high current, all 
the electrons from the anode are conveyed to the cathode and that at the anode surface 
predominate mass transfer phenomena.  
These processes involve the transfer of electrons from the bulk to the adhered microorganisms, 
as well as of electrons which need to move from outmembrane of microorganisms to the 
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electrode, in a very low electrical potential. In this situation the electron mobility is a crucial 
aspect. This phenomenon can be schematized by several mass transfers in series resistances: i) 
from the bulk of the liquid to microorganisms, ii) from the microorganisms to the electrode 
material, and iii) the electrical resistance of the electrode.  
By comparing the polarization curves in B zone of C-HNO3 and C-PANI, and by considering 
the items i) and ii) explained above, it is evident the higher resistance of C-HNO3 as confirmed 
by the direct resistivity measurements reported in the Table 7.1. 
Figure 7.7b shows the comparison of power generation using the three different materials. C-
FELT before treatment could sustain a maximum power density of ~ 160 mW·m
-2
. The system 
operated with C-HNO3 generated a maximum power density of ~ 400 mW·m
-2
, while using C-
PANI a maximum value of ~ 460 mW·m
-2
 was observed. Results evidence that the oxidation 
of the carbon surface with HNO3
 
improved the performance 2.5 times with respect to carbon 
felt. This could be related either to the increase of real surface area or due to the presence of 
superficial nitrogen functional groups, which is beneficial in the facilitation the electron 
transfer in MFCs [7, 8, 23, 24]. The highest power density in the case of C-PANI of 2.9 times 
with respect to C-FELT, could be attributed to several phenomena as: (1) reduction of the 
activation losses, which favors the start-up period, (2) high affinity of the microorganisms on 
the electrode surface and (3) an increase of the roughness of the material that facilitates the 
electron transfer from the microorganism to the electrode. These results are in good agreement 
with results present in literature, confirming that PANI treatment on carbon materials is 
effectively able to improve MFC performance [2, 7].  
Figure 7.7c shows the maximum power density versus time for the duration of the tests. In the 
case of C-FELT, the power increased in the first 6 h of operation, and then remained constant 
around 160 mW·m
-2
 until the end of the test (24 h). In the case of C-HNO3 and C-PANI, the 
power densities decrease versus time with an unstable behavior around 2 h, probably due to 
the transition phenomenon present in the system. After this initial period, it is possible to 
observe that power density drops during the duration of the test, probably due to the rapid 
substrate and reagents depletion occurred in order to sustain the higher current, differently 
than what happens in the C-FELT case, as previously reported in literature  [25, 26].  
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Figure 7.7. Electrochemical analysis of C-FELT (black line), C-HNO3 (red line) and C-
PANI (blue line) by means of (a) Polarization curves and (b) current density curves recorded 
at 2 h of operation, (c) power density curves vs. time recorded during 24 h of operation and (d) 
internal resistance measured through current interrupt method after 3 h of operation in an MFC 
The total internal resistance (Rint) of a MFC depends on many terms: the anodic resistance Ra, 
the cathodic resistances Rc, the ions exchange membrane resistance Rm and electrolyte 
resistance Re [21]. In proximity of OCV, the current (the harvested electron) depends than the 
so called “activation” phenomena, while in proximity of maximum current “diffusive” 
phenomena prevails [21]. It is well known that activation and diffusive resistances can be 
neglected only in the so called “ohmic regime”, where the current is a linear function of the 
voltage [21]. Considering that both activation and diffusive losses are strongly dependent of 
electrode materials, the CI technique was used in the region of high V and low I in the non 
linear shape of polarization curve [27]. The obtained value is not the electrical resistance in the 
classic sense, but it is able to give us information on how the losses depend on the different 
electrode material and permit hence to compare then, which is the end of this study. The 
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internal resistance of the overall MFC (anode, cathode, electrolyte and membrane) was 
determined as reported in Section 7.2.5, and the comparison of the three different anodic 
materials studied: C-FELT, C-HNO3 and C-PANI, after 3 h of operation are reported in Figure 
7.7d. The internal resistance values were intended with a predominant contribution of the 
anode material effects, due to all the tests were conducted under the same operational 
conditions, and only anode material was changed. As shown in Figure 7.7d, the internal 
resistance obtained using C- ELT was of ~ 35 Ω, while the tests performed either with C-
HNO3 or with C-PANI evidenced a strong reduction to 15 Ω and 8 Ω, respectively. These 
results are in good agreement with respect to the results obtained through the resistance 
measurements as reported in Table 7.1. 
 
Table 7.2. Comparison of the present results with literature data obtained using untreated 
and treated carbon based materials as anode electrode materials in MFCs 
Anode Treatment Microbe Substrate mW·m
-2
 Reference 
C-FELT Untreated S. cerevisiae Glucose 160 This work 
Graphite Untreated S. cerevisiae Hydrolyzed Lactose 4 [28]  
Graphite 
plates 
Untreated S. cerevisiae Glucose 8 [29]  
C-HNO3 HNO3 S. cerevisiae Glucose 400 This work 
Carbon felt HNO3 Domestic wastewater Brewery wastewater 28.4 [7]  
  Carbon mesh 
High-
temperature 
ammonia gas 
process 
Domestic wastewater Sodium acetate 1015 [6]  
C-PANI PANI deposition S. cerevisiae Glucose 460 This work 
Carbon felt PANI deposition Domestic wastewater Brewery wastewater 26.5 [7]  
Carbon felt PANI deposition Clostridiales Sodium acetate 27.4 [2]  
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Finally, the Table 7.2 shows a representative set of power density data for MFC,  data 
obtained by various researchers, using untreated and treated carbon based materials by HNO3 
activation, high-temperature ammonia gas process and PANI deposition. It is possible to 
observe that the power density of the MFC remarkable improves by using different anode 
modification methods; the results of the present work are in average comparable with those 
reported in literature. The only difference is related to treated carbon mesh.  
7.4. Conclusions   
In this Chapter  nitric acid activation and PANI deposition were performed in order to increase 
the performance of commercial carbon felt as anode material in MFC. Electrochemical 
determinations reveled a maximum power density of 160 mW·m
-2
 using C-FELT, while 
power densities of 400 mW·m
-2
 and 460 mW·m
-2
 were obtained using C-HNO3 and C-PANI, 
respectively. These results seem to be related to a strong reduction of the activation losses 
contribution and to an important decrease of the internal resistance of the cell using C-HNO3 
and C-PANI of about 2.3 and 4.4 times, respectively, with respect to C-FELT. The highest 
power generation results are obtained with polyaniline deposition, since the PANI deposited 
acts as an electrical contact between the random structures of the carbon material. Results 
evidence that nitric acid activation and PANI deposition on carbon felt offer a solution to 
improve the power generation of MFC, satisfying electrical requirements and improving the 
durability of the materials. The important increase on the power and current in all of these 
cases were likely to be a combination of factors including: (1) enhanced electrical 
conductivity, (2) increased surface area, and (3) increased affinity of the anode surfaces. 
Moreover, the proposed PANI deposition has multiple advantages with respect to the previous 
ones: i) increase of PANI conductivity in the soaker solution, ii) decrease of risk hazard during 
polymerization by use of non-toxic starting monomer and iii) more homogeneous and faster 
deposition method. 
In order to improve further the MFCs technology, the obtained results suggest to conduct 
future tests with modified carbon felts in the presence of a consortium culture of 
microorganisms in order to check their possible applications in wastewater treatment process. 
Finally, tests on durability in continuous mode for long periods are necessary in order to verify 
not only the increase of the power density but also, the total electrical energy produced by 
MFCs device during its time-course of life, which is more stringent from an energy 
sustainability point of view. Both proposed strategies are reported in the following Chapter. 
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Chapter 8 
 
Streamlining of commercial berl saddles: a new material to improve the performance of 
microbial fuel cells 
 
8.1. Introduction 
The main classes of biological wastewater treatment approach are aerobic and anaerobic 
treatments; the first is highly energy consuming, whereas the anaerobic treatment, adequately 
designed and operated can produce a surplus of energy [1] under the form of either bioCH4 or 
bioH2, or both, according to the biowaste characteristics [2, 3]. So, the main challenges for 
this technology are to replace the energy expensive aerobic wastewater treatment approach, 
finding an alternative to the most common technologies, such as activated sludge and aerobic 
biofilm processes [4]. Both aerobic and anaerobic processes have their own niche in 
environmental technology and are commercially available. In addition, they are worldwide 
implemented to treat either municipal or industrial wastewaters [5, 6]. Among wastewater 
treatment plants, both entrapped or immobilized biofilm processes permit to reach a very high 
efficiency for reactor unit volume, either under aerobic or anaerobic conditions [7, 8]. This is 
attributed to the high concentration of microorganisms per unit of volume, consequently 
smaller compact systems are necessary with respect to wastewater treatment plants using free 
microorganism. The high bacteria concentration in entrapped or immobilized biofilm is due 
to the very large surface area of the support material available for the microorganism [9]. 
Moreover, in order to prevent mass transport problems and high liquid pressure drop, the 
ideal candidate support material needs to have high bed void fraction (75% minimum), high 
specific surface area (200 m
2
/m
3
 minimum) and negligible interferences with biological 
functionality to guarantee an optimal microbial adhesion and activity [6, 9]. Plastic or 
ceramic materials with different shapes and dimensions are often selected for biofilm 
reactors, such as fixed and fluidized beds. A traditional support for bacteria used in 
immobilized bioreactors is the so-called Berl saddle. This is a ceramic scaffold with the shape 
of a saddle “without inside and outside faces” [10, 11]. The Berl saddle performs better than 
Rasching rings with respect to distribution and low pressure drop of fluids. It provides 
relatively high useable contact surface area with high void bed fraction. These features are of 
fundamental importance in the bioreactor field because of the presence of gas phase either in 
anaerobic or aerobic conditions. In the case of MFC, at the anode chamber, where anaerobic 
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conditions are present, the microorganisms generate gas that should migrate easily out of the 
system, in order to avoid an increase of pressure in the anode chamber [12]: hence the need of 
high bed void fraction is of paramount importance. Another aspect of the MFC anode regards 
the requirement of having as many as possible microorganisms pressed on the surface of the 
anode, in order to decrease the electrical polarization necessary to harvest the electrons 
produced via the respiration chain [13, 14]. To address this challenge, it is important to have 
a material with high porosity, showing a pore diameter with the same order of magnitude of 
microorganisms size, in order to increase the surface colonization of the anode [15, 16]. The 
application of a three-dimensional electrode has resulted in the increase of the volumetric 
power densities, hence it is highly recommended, from a construction point of view, for the 
generation in future larger MFC systems. Sell et al. [17] were the first to report on the use of 
a packed bed of granular graphite as a three-dimensional electrode and showing an increase 
of power density. They supposed an increment of charge transfer rate and a decrement of 
polarization effects thanks to the better performance of cell in terms of higher current values. 
Meanwhile, other three-dimensional electrodes were tested, including reticulated vitreous 
carbon [18], granular activated carbon [19], carbon brushes [20] and graphite granules [21, 
22]. In particular, Aelterman et al. [22] have conducted tests using graphite granules of 
different sizes (2 mm and 5 mm) as packed electrode: the 5 mm graphite granules generated a 
maximum power output of 257 mW·L
-1 
of Total
 
Anode Compartment (TAC). While, the 
reactor with the 2 mm granules had a less stable electricity generation, generating 143 mW·L
-
1 
of TAC; moreover the small granules were heavy and created a clogging due to their 
relatively low porosity, that obstructed liquid and gaseous fluxes.  
For the above mentioned reasons, in this Chapter Berl saddles are considered as packing 
material that could help to reduce the biofouling for its large bed void fraction, and favor the 
growth of biofilm and its activity, by increasing the degassing of the produced gas inside the 
MFCs anode. By considering that MFCs combine a biological process with the traditional 
fuel cell concept, it is necessary to render conductive the packing material to be used as 
electrode in MFC, which according to our knowledge, up to date was not performed yet. 
Therefore, in this Chapter the creation of a conductive carbon layer on the surface of ceramic 
Berl saddles was carried out. α-D-glucose was used as precursor material for the carbon 
layer; the conductive layer was obtained by the following consecutive steps on the Berl 
saddles: (i) impregnation in α-D-glucose solution, (ii) caramelization, and (iii) pyrolysis. This 
strategy allows obtaining by a cost-effective and easy procedure, a good packing material for 
bacteria growth and proliferation, helping in reducing biofouling and having a low electrical 
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resistance for the direct recovery of electrons by bacteria metabolisms. It is therefore a good 
candidate for anode material in a MFC. The obtained carbon-coated Berl saddles were 
characterized from a structural, morphological and chemical point of view as well as tested as 
anode material by a laboratory MFC. A comparison in terms of production and process cost 
was also carried out between our carbon-coated Berl saddles and commercial carbon felt, 
showing the advantages of the former material as anode for MFCs. 
The results of this research are part of the publication entitled: “Streamlining of commercial 
Berl saddles: a new material to improve the performance of microbial fuel cells”. D. Hidalgo, 
T. Tommasi, V. Cauda, S. Porro, A. Chiodoni, K. Bejtka, B. Ruggeri. (2014) Energy, 71, 
615. 
 
8.2. Experimental 
8.2.1. Materials 
Yeast (Saccharomyces cerevisiae, baker yeast) was used as active microorganisms. 
Commercial Berl saddles, α-D-glucose (96%), Methylene blue, Sodium phosphate dibasic 
dihydrate (Na2HPO4·2H2O, 98%), Sodium phosphate monobasic monohydrate 
(NaH2PO4·H2O, 98%) and Potassium ferricyanide (K3Fe(CN)6, 99%) were purchased from 
Sigma Aldrich.  
 
8.2.2. Deposition of conductive carbon layer on Berl saddles 
α-D-glucose was used to prepare a conductive carbon layer on commercial Berl saddles. Berl   
saddles were first accurately cleaned in ultrasonic bath for 10 min at 60 Hz using ethanol to 
remove pollutants from the surface and then dried in air at room temperature. Subsequently, 
Berl saddles (250 g) were immersed in 200 mL of glucose solution (500g·L
-1
) in water under 
gentle orbital shaking conditions for 24 h. Berl saddles were separated by filtration from the 
glucose solution, and caramelized at 185 °C under vacuum for 24 h. The caramelized material 
was then pyrolyzed at 800 °C under N2 flux (500 mL·min
-1
) in a horizontal tube furnace for 2 
h (heating rate of 5 °C·min
-1
), and then let to cool down overnight. A scheme of the whole 
preparation process is shown in Figure 8.1, where a picture of the step-by-step procedure and 
of the energy involved is highlighted. On the basis of this scheme, an evaluation of the 
conductive layer production cost is presented. 
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Figure 8.1. Scheme of the process flow for the deposition of conductive carbon layer on Berl 
saddles 
 
8.2.3. Characterization of Berl saddles 
The resistivity measurements were performed using a Keithley 2635 Source Measure Unit in 
a four-point probe configuration. The morphology of the Berl saddles before and after 
treatments were investigated by means of a Field Emission Scanning Electron Microscope 
(FESEM, ZEISS Dual Beam Auriga) equipped with Energy Dispersive Spectroscopy (EDS, 
Inca XSight; Oxford Instrument). Transmission Electron Microscopy (TEM) samples were 
prepared by collecting carbon flakes scraped from a coated Berl saddle after mild ultrasonic 
treatment in ethanol onto a holey carbon grid, and imaged using a FEI Tecnai F20ST 
operating at 200 kV. The crystalline structure of the carbon layer was analyzed by Philips 
X’Pert X-ray diffractometer in the Bragg-Brentano configuration with Cu- α monochromatic 
radiation (1.54059 Å) as X-ray source. Raman spectra of the carbon layer deposited on Berl 
saddles were acquired using a standard Renishaw InVia micro-Raman spectrometer using 
laser excitation wavelength at 514 nm and laser spot size of 20 µm. Nitrogen adsorption 
isotherm were obtained from a Quadrasorb instrument (Quantachrome) and Brunauer–
Emmett–Teller (BET) specific surface area was measured by multipoint method within the 
relative pressure range of 0.1–0.3 P/P0. The pore size distribution was evaluated by the 
Density Functional Theory (DFT) method.  
 
8.2.4. MFC configuration and operation 
The MFC device consists of two rectangular chambers, i.e. the anode and the cathode. Both 
compartments were made in Plexiglas with dimension 0.08 m x 0.08 m x 0.02 m and 
separated by a cation exchange membrane (CEM, CMI 7000, Membranes International Inc.), 
as shown in Figure 8.2a. The conductive material was introduced in each chamber, by using 
the carbon-coated Berl saddles as anodic material (Figure 8.2b) and commercial carbon paper 
(Carolina, USA) as cathode. Each conductive material was connected with a graphite rod (5 
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mm in diameter) to ensure an effective current transport. All the investigations were carried 
out by using Saccharomyces cerevisiae as active microorganism, under the same operational 
conditions, in batch mode at room temperature 22 ± 2 ºC. The anodic chamber was filled with 
Yeast (50 g·L
-1
), Glucose (60 g·L
-1
) as feeding substrate and Methylene blue (MB) (1.22 g·L
-
1
) as Red-Ox mediator for the transport of electrons from the microorganism to the electrode 
surface. The cathodic compartment was filled by Potassium ferricyanide (6.58 g·L
-1
) used as 
oxidant compound. To prepare anodic and cathodic solutions, a buffer of inorganic salts, i.e. 
Na2HPO4·2H2O (8.2 g·L
-1
) and NaH2PO4·H2O (5.2 g·L
-1
) was used. 
 
 
Figure 8.2. (a) Image of the MFC configuration and (b) anodic compartment filled with Berl 
saddles 
 
8.2.5. Electrochemical measurements and analyses 
The experiments were carried out in terms of Open Circuit Voltage (OCV), Linear Sweep 
Voltammetry (LSV), Cyclic Voltammetry (CV) and Current Interrupt (CI) techniques, in 
order to gain information on the dynamics of electron transfer and hence, on power 
production. Electrochemical experiments were performed on a multi-channel VSP 
potentiostat/galvanostat produced by BioLogic. Measurements were recorded by using EC-
Lab software version 10.1x (BioLogic) for data acquisition. All tests were carried out using a 
two electrode setup, where the working electrode was coupled to the anode and both counter 
electrode and reference electrode were connected to the cathode. The anodic compartment 
was filled with 100 mL of anodic solution corresponding to 80% void fraction of the Berl 
saddles, which was calculated as the fraction of the void volume over the total volume in the 
anodic compartment. Polarization curves were performed at a scan rate of 1 mV·s
-1
 when a 
constant OCV was achieved, from the open-circuit cell voltage V0 (where I = 0) to the short-
circuit cell voltage Vsc = 0 (where I = Imax). The measurements were carried out from t20min to 
t24h in order to examine S. cerevisiae ability to consume the substrate under anaerobic 
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conditions. From the I-V curves, the power density was calculated by P = IVv
-1
, where I, V 
and v represent current, recorded voltage output and the total anode chamber (TAC), 
respectively. CV was performed at t2h and t24h with a scan rate of 1 mV·s
-1
 from V0 to Vsc, 
continuing in the reverse direction until back to the starting potential in order to evaluate the 
electrochemical activity of microorganisms. CI measurement was performed to determine the 
internal resistance of the MFC through the interruption of the current flow and the resulting 
voltage transients [23]. The test was carried out using a very short perturbation to the system 
(10 ms) using a voltage V0 equal to 90% of OCV when the MFC produced stable current 
output Io. The circuit was opened causing a steep potential (VR) followed of further low rise. 
The resistance was evaluated as Rint = VR/Io and a mean value of different tests were 
computed.  
 
8.3. Result and discussion  
8.3.1. Characterization of Berl saddles 
The pristine ceramic Berl saddles are mainly constituted of silica (SiO2, >70%), alumina 
(Al2O3, 17-23%) and others oxides (K2O + Na2O, Fe2O3, CaO); these are all non-conductive 
compounds, which makes the Berl saddles extremely inappropriate to be used as electrode in 
MFC. Therefore, to render Berl saddles a suitable electrode for MFC, deposition of 
conductive carbon layer is necessary. The process is summarized in Figure 8.1 and the results 
on the Berl saddle surface are shown in Figure 8.3. After the impregnation and caramelization 
steps, the Berl saddles resulted completely covered by glucose (Figure 8.3b). After pyrolysis, 
the formation of a carbon layer on the surface of the material was obtained, resulting in an 
evident color change, as shown in Figure 8.3c. The electrical properties of the material were 
evaluated in four-point probe configuration, obtaining a resistivity around 50 ± 10 Ω on the 
pyrolyzed Berl saddles.  
The Berl saddles were imaged by FESEM before and after treatment including the final 
pyrolysis step. Pristine Berl saddles show a very rough surface (Figures 8.4a and 8.4b) 
whereas the impregnation with glucose, caramelization and further pyrolysis lead to a 
smoothing of the surface covered by carbon (Figures 8.4c and 8.4d). The thickness of the 
carbon layer is about 7-8 µm, and the composition as shown in the inset of Figure 8.4c. EDS 
analysis was carried out on both surfaces (Figures 8.4e and 8.4f), showing that the amount of 
carbon after pyrolysis greatly increases on the surface of the Berl saddles. Also the amount of 
oxygen decreases after pyrolysis, confirming the formation of graphitic carbon. The relative 
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content of the other elements, mainly related to the saddle composition, remain nearly the 
same. 
 
 
Figure 8.3. Image of the Berl saddles: (a) pristine (b) after caramelization (c) after pyrolysis 
of the glucose 
 
 
Figure 8.4. FESEM images of the Berl saddles (a,b) before any treatment; (c,d) after 
impregnation with glucose, caramelization and pyrolysis; (e) table of elements obtained by 
EDS analysis before and after treatment; and (f) graph of the relative amount (atomic %) of 
the elements on the Berl saddles surface before and after treatment 
The crystalline nature of the carbon layer was investigated by both X-ray diffraction pattern 
(Figure 8.5a) and Raman spectroscopy (Figure 8.5b). It is worth to note that after 
caramelization (orange curve in Figure 8.5a) and even more after pyrolysis (red curve), a 
pronounced peak at 26.6°, assigned to the (002) reflection plane of graphite, appears. The 
broader FWHM of the (002) peak in the caramelized sample with respect to the pyrolyzed 
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one, is attributed to the small size of the graphitic crystals, which are nucleating but not 
completely formed at such low temperature (185 °C).  
In contrast, the narrow and intense (002) peak of the sample after pyrolysis reveals the 
presence of larger graphitic crystal due to the high temperature treatment (800 °C). Peaks at 
higher angles are also clearly visible in the spectrum of pyrolyzed saddles and can be all 
assigned to polycrystalline graphite (JCPDS 41-1487). Figure 8.5b reports the Raman spectra 
of four different spots on the sample. No relevant differences are observed among them, so 
the covering of the saddles surface can be considered uniform, in agreement with FESEM 
analysis. The presence of G and D peaks typical of graphitic and amorphous carbon is 
observed [24, 25]. Table 8.1 reports the analysis of G and D peaks positions (cm
-1
) and 
intensities (arbitrary units), the intensities ratio (ID/IG) and an estimation of the graphitic 
clusters dimension (La) calculated by Tuinstra/Koenig model [26]. The reported Raman 
spectra are typical of polycrystalline graphitic carbon (sp
2
 hybridized), with a certain disorder 
arising from nanostructured clusters indicated by the presence of D peak. The position of G 
peak is shifted with respect to that of pure graphite (1581 cm
-1
 to ~1593 cm
-1
), confirming the 
presence of some degree of nanostructure graphitic clusters, with La calculated by the 
aforementioned model to be about 5.5 nm. The presence of tetrahedral carbon (sp3 
hybridized) is minimal; however, a slight amorphization of the carbon clusters could not be 
excluded by this technique.  
Nitrogen sorption isotherm reported in Figure 8.5c shows the presence of hysteresis and some 
microporosities either in Berl saddle as such (black curve) or after pyrolysis (red curve). This 
is indeed confirmed by the DFT pore size distribution (Figure 8.5d), showing a broad pore 
size range in both saddles before and after treatment. However, smaller nanopores size of 
about 2.6 and 4.1 nm are evidenced in the pyrolyzed material, with respect to the commercial 
one (pore size maximum at about 4.8 nm). The BET surface area shows an increase of more 
than 3 times from the pristine Berl saddles (0.13 m
2
·g
-1
) with respect to those covered by 
pyrolyzed graphitic carbon (0.46 m
2
·g
-1
). The increase of both surface area and pore volume 
are attributed to the polycrystalline graphitic carbon layer formation, both of them are key 
points for the overall anode performance and bacteria growth and proliferation.  
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Figure 8.5. (a) XRD pattern of the commercial Berl saddles (black curve), after 
caramelization (orange curve) and pyrolysis (red curve); (b) Raman spectra of the pyrolyzed 
carbon-coated Berl saddle at four different spots (G and D peaks typical of graphitic and 
amorphous carbon); (c) Nitrogen sorption isotherms and (d) DFT pore size distribution of the 
Berl saddles before treatment (black curve) and after pyrolysis (red curve) 
 
The presence of graphitic carbon was also confirmed by TEM analysis. Figure 8.6a shows a 
Bright Field TEM image of the edge of a graphitic flake. It contains numerous nanocrystals 
and the Fourier Transform of the crystalline area (shown in the inset) indicates the 
polycrystalline nature of the flakes, with a slight preferential orientation, as already pointed 
out with XRD analysis. Figure 8.6b shows graphite nanocrystals with dimension below 10 
nm.  
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Figure 8.6. Bright Field TEM image of the carbon coating on Berl saddles: (a) edge of the 
coating and (b) graphite nanocrystals 
 
Table 8.1. Analysis of carbon peaks at 4 different spots on the sample measured by Raman 
spectroscopy 
Sample D position (cm
-1
) G position (cm
-1
) ID IG ID/IG La (nm) 
1 1352 1592 235668 294918 0.799 5.51 
2 1351 1592 155334 194906 0.797 5.52 
3 1353 1593 320111 395579 0.809 5.44 
4 1352 1594 217071 272753 0.796 5.53 
Average 1352±1 1593±1   0.800±0.004 5.5 
 
8.3.2. Electrochemical characterization of carbon-coated Berl saddles in MFC 
Figure 8.7a shows the polarization curves [27, 28] obtained by varying the scan rate of 1 
mV·s
-1
 for the whole MFC from t20min to t24h using the carbon-coated Berl saddles as anodic 
material. These polarization curves can be divided in three zones: (i) starting from the OCV 
where I = 0, there is an initial steep decrease of the voltage corresponding to the activation 
losses; (ii) the voltage then falls more slowly and the voltage drop is fairly linear with current 
indicating that ohmic losses are dominant; and finally (iii) the voltage falls rapidly at higher 
currents. This last effect could be attributed to the polarization effects inducing mass transfer 
phenomena [29]. Additionally, we observed that at least two hours were required to obtain a 
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proper characterization of the system and thus to achieve a complete stabilization of the 
operating conditions in the MFC.  
Based on these data, power density curves were obtained as reported in Figure 8.7b. The 
maximum power density produced, respect to the total anode chamber (TAC) was 8 mW·L
-1
 
(130 mW·m
-2
) at a current density of 29.6 mA·L
-1
 after 2 h of operation. It is also possible to 
observe that both power and current densities decrease during the test evolution due to the 
consumption of reagents by microorganisms, thus lowering the substrate availability for the 
microorganism activity. 
Figure 8.7c shows cyclic voltammetric curves [30] obtained using the Berl saddles in MFC 
after 2 h and 24 h of operation, by applying a scan rate of 1 mV·s
-1
. The results showed that 
by decreasing the potential from OCV to the short-circuit cell voltage, the polarization curves 
exhibit the three main zones previously described. Continuing in the reverse direction, a 
slight decrease of the current was obtained with respect to the initial values. This can be 
explained by assuming that the biological systems require a few minutes to reach quasi-
steady-state conditions after being disturbed to return at the start potential (OCV). Finally, 
through the CV measurement, it was also possible to confirm the activity of the 
microorganisms related with a reduction of the available substrate for the growth and the 
consequent decrease of the current after 24 h of operation. 
The internal resistance was determined using the current interrupt method [21]. In this case, 
when the MFC produced a stable current output before interruption (I0) and potential 
approximately equal to 90% of OCV, the circuit was opened causing an initial steep potential 
(VR) during the first 10 ms of the perturbation to the system. The steep is referred to the 
ohmic losses caused by the internal resistance (Rint) calculated as Rint = VR/Io. The obtained 
results showed internal resistance at 2 h and 24 h of operation around 25 Ω and 23 Ω, 
respectively. The reduction of the internal resistance with time could be explained by the 
growth of the microorganisms, which generate a biofilm around the Berl saddles improving 
their colonization and hence increasing the electron transport from the microorganisms to the 
electrode. A wide variety of electrode materials were studied in the literature in order to 
increase the power density of MFCs [31, 32]. However, up to date, the principal bottleneck 
limiting the efficiency of MFC continues to be the electron transfer from the bacteria to the 
anode.  
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Figure 8.7. (a) Polarization curves and (b) power density curves referred to TAC carried out 
from t20min to t24h; (c) Cyclic Voltammetry at t2h (black curve) and t24h (red curve) using Berl 
saddles during a single test in MFC device 
The Table 8.2 shows a representative set of power density data for MFCs by various 
researchers using Saccharomyces cerevisiae with different electrode materials and electron 
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mediators [33-35]. It is possible to see that the obtained power density with carbon-coated 
Berl saddles increased of about 2-3 times higher compared to the literature data. Additionally, 
by the same MFC configuration, we tested a commercial carbon felt (data not reported) under 
the same operational conditions used for the Berl saddles artifact in MFCs, obtaining 
comparable results (180 mW·m
-2
).Authors working in different conditions (e.g. other 
microorganisms, design and operative conditions) but with packed electrode, have obtained 
comparable results: the maximum power density varies between 5 to 90 mW·L
-1
 of anodic 
chamber volume, using granular activated carbon [19] and granular graphite [21], 
respectively.   
Table 8.2. Comparison of literature data obtained using Saccaromyces cerevisiae, methylene blue as 
electron mediators with different electrode materials in MFCs 
Reference Microbe Substrate Anode Mediator (mW·m
-2
) 
[33] S. cerevisiae Glucose Platinum mesh MB 65 
[34] S. cerevisiae 
Hydrolyzed 
lactose 
Graphite MB 4 
[35] S. cerevisiae Glucose Graphite plates MB 8 
Our previous work
a
 S. cerevisiae Glucose Carbon felt MB 180 
Present work S. cerevisiae Glucose 
Carbon-coated 
Berl saddles 
MB 130 
a 
Results obtained under the same operational conditions used to test the Berl saddles as 
anode material. 
This confirms that carbon-coated Berl saddles show an outstanding potential applicability as 
electrode in MFC, matching either electrical requirements or bacteria activity. In addition, we 
verified that during the time of the test no clogging of the electrode as consequence of gas 
entrapment occurred, confirming the great potential in the use of the innovative carbon-
coated Berl saddles as anode in MFCs and for scale-up purposes. Finally, the surface of the 
Berl Saddles was also investigated by FESEM after their operation in MFC. In Figure 8.8 a 
FESEM picture of the surface of Berl saddles after the operation in the MFC is reported. It 
shows that the graphite layer is nearly intact, after 24 hours of operation.  In addition, the 
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presence of S. cerevisiae grown on top of the surface support is clearly observed. The 
presence of these bacteria demonstrates that a proper colonization of the graphite surface by 
microorganisms can take place, confirming that our innovative graphitized Berl saddles have 
a good potential applicability as electrode in MFCs. 
 
 
Figure 8.8. FESEM image of the Berl saddles surface after the electrochemical test in MFC 
 
8.3.3. Cost analysis of carbon-coated Berl saddles 
In order to evaluate the advantages of using Berl saddles with respect to commercial carbon 
felt as anode material in MFC, a comparison of those materials from an economic point of 
view is mandatory. These data are presented in Table 8.3. The cost of reagents used for the 
carbon layer deposition on Berl saddles was provided by the manufacturers of the raw 
materials. Similarly, the energy consumed during the preparation process was estimated using 
the European energy cost [36]. The cost of Berl saddles was calculated according with the 
quantity of material necessary to fill a MFC chamber (0.15 Kg) with dimensions 0.08 m x 
0.08 m x 0.02 m.  
The quantification of the energy consumed for each instrument employed in the different 
processes was estimated in two steps with the following considerations: i) the effective power 
consumption for the instruments used per each process step was estimated using a ratio of the 
full nominal power calculated considering the effective time of on-mode (e.g. the time slots 
in which a furnace was on to ramp and maintain the setup temperature); ii) in addition, the 
power consumption data were scaled considering that the instruments were not used at full 
volume capacity. 
 rom the results obtained reported in Table 8.3, it was found that about 0.96 € will be 
required to produce the Berl saddles necessary to fill the anodic chamber. The cost of 
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commercial carbon felt is 130 €/m2 (SGL group S.p.A). To fill a MFC chamber with the same 
dimension of that used for the Berl saddles, a surface area of 0.064 m
2
 is necessary which is 
equivalent to 0.83 €. Therefore, the cost involved to produce the lab-scale Berl saddles is 
slightly higher than the cost of commercial carbon felt. However, a consistent decrease in the 
cost of the carbon-coated Berl saddle could be obtained in the production at the industrial 
scale. Also, the Berl saddle acts as a traditional support material for bacteria in immobilized 
bioreactors, which proves that this material is completely suitable for bacteria growth and 
proliferation. As a consequence from these considerations, a second generation of MFC 
reactor will consist in a single-compartment tubular chamber containing the Berl saddles as 
anode, which could be used for scale-up purposes, whereas the cathode will be a conductive 
foil wrapped on it. These results will be presented in a forthcoming work. 
 
Table 8.3. Cost estimation analysis of carbon-coated Berl saddles 
Material  Unit cost 
Quantity / MFC 
chamber 
Cost / MFC chamber 
(€) 
Berl saddles 0.18 €/kg a 0.15 kg 0.03 
Ethanol 1 €/L b 0.03 L 0.03 
Glucose 1 €/kg b 0.08 kg 0.08 
Nitrogen gas 2.37 €/m3, c 0.09 m3 0.21 
Ultrasonic bath 0.17 €/kWhd 0.03 kWh 0.01 
Orbital shaking 0.17 €/kWh 0.18 kWh 0.03 
Oven – vacuum 0.17 €/kWh 2.31 kWh 0.40 
Oven 0.17 €/kWh 1.00 kWh 0.17 
   
Total cost per chamber (€) 0.96 
a
 Purchased from Sigma Aldrich 
b 
Italian Chambers of Commerce 
c 
Sapio Group 
d 
EUROSTAT, Price of electricity for non-domestic use in Europe in the second half of 2012 
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8.4. Conclusions 
In this Chapter a continuous and homogeneous graphite layer was deposited on commercial 
Berl saddles by subsequent steps of impregnation, caramelization and pyrolysis of glucose, 
used as carbon precursor. Morphological, structural and chemical properties of the carbon-
coated Berl saddles were studied and the presence of graphitic carbon was confirmed. The 
conductive carbon-coated Berl saddles were successfully used as anode electrode in MFC 
using S. cerevisiae as active microorganism. After a period of stabilization of 2 h, an open 
circuit voltage between 440-600 mV was observed in the cell. The results revealed a 
maximum power density of 8 mW·L
-1
 at a current density of 29.6 mA·L
-1
. These values are 
significantly higher than those of many carbon materials reported in the literature, and are in 
good agreement with the results obtained using commercial carbon felt under the same MFC 
operation. In addition, a production and processing cost estimation for carbon-coated Berl 
saddles shows that they can be very competitive with respect to industrially-produced carbon 
felt. The obtained results suggest that the carbon-coated Berl saddles offer a low-cost solution 
to satisfy either electrical or bioreactor requirements, increasing the reliability of the MFC 
processes. This new electrode material seems to be a valid candidate for scaled-up systems 
and for continuous mode application of MFC technology.  
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Chapter 9  
 
Continuous electricity generation using microorganisms from seawater in microbial fuel 
cells (MFCs): long-term evaluation of promising anode materials 
 
9.1. Introduction  
MFCs provides new opportunity for sustainable energy production from biodegradable 
compounds present in the wastewater, achieving simultaneous wastewater treatment [1]. 
Furthermore, MFCs operated using mixed cultures currently achieve substantially greater 
power densities than those with pure cultures [2, 3], mainly due to a much wider substrate 
utilization [4].  
The ideal performance of an MFC depends on the electrochemical reactions that occur 
between the organic substrate at a low potential such as acetate and the final electron acceptor 
with a high potential, such as oxygen [5]. However, its ideal cell voltage is uncertain because 
the electrons are transferred to the anode from the organic substrate through a complex 
respiratory chain that varies from microbe to microbe and even for the same microbe when 
growth conditions differ. According to this, MFC voltages will remain limited; even 
neglecting the internal losses, the voltage will never exceed a theoretical open circuit voltage 
(OCV) of 1.14 V as determined by the NADH (-0.32 V) and pure oxygen (+0.82 V) redox 
potentials [4, 6]. The highest OCV (1.05 V) thus far reported using microbial anodes and 
Enzymatic Bilirubin Oxidase (BOx) Air-Breathing Cathode [7] illustrates this limitation. The 
maximum current on the other hand is determined by: (i) the MFC design which determines 
the electrochemical losses (e.g., internal resistance) and convective transport limitations [3, 
8], (ii) the volumetric loading which represents the total amount of electrons delivered by the 
substrate for current production, and finally, (iii) the amount of substrate converted to 
electricity (the Coulombic efficiency) [9]. Despite this, improvements of the reactor design 
[10], the application of new electrode materials [11], improved cathode reactions [12, 13] and 
the enrichment of highly specialized microbial communities [14], have enabled that the 
performance and durability of MFCs increased over the last years. 
Despite all efforts to increase the electron transfer from the bacteria to the anode, up to date it 
continues to be the principal bottleneck limiting the efficiency of MFCs. For this propose, a 
wide variety of electrode materials have been studied in the literature in order to increase the 
power density of MFCs [11, 15]. Modifying the electrode surface by the binding of mediators 
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such as neutral red and metals such as iron and manganese has resulted in an increased 
current generation [16]. Foam structured anodes with carbonized polymers with ferrocene 
catalyst result in a higher biocompatibility with Escherichia coli [17]. By using carbon 
electrodes modified with quinone/quinoid groups [18] and by combining a highly conductive 
electrolyte and an ammonium electrode treatment [19], a doubling of the maximum power 
density could be achieved compared to unmodified graphite and carbon felt. Conductive 
polymer materials such as polyaniline (PANI), polypyrrole (PPy) and composites materials 
based on them, in combination with carbon materials, have been studied to improve MFC 
performance [20-23]. Results obtained in a two-chamber MFC using a microbial community 
of Clostridium and two conductive polymers: polyaniline (PANI) and polyaniline-co-o-
aminophenol (PAOA) to modify carbon felt anode reached a maximum power density of 27.4 
mW·m
-2
 and 23.8 mW·m
-2
, and compared with unmodified carbon felt, i.e. increased by 35% 
and 18%, respectively [20]. Specifically, however, the use of a three-dimensional electrode 
has resulted in the increase of the volumetric power densities [10, 24]. In 1989, Sell et al. [25] 
were the first to report the use of a packed bed of granular graphite as a three-dimensional 
electrode. Meanwhile, other three-dimensional electrodes have been tested, including 
reticulated vitreous carbon [26], granular activated carbon [27] and carbon brushes [13]. In 
comparison to the use of flat or two-dimensional electrodes, three-dimensional electrodes 
have higher surface to volume ratios of up to 6.0 x 10
6
 m
2
·m
-3
 [28, 29] which can support an 
increased attachment of biofilm. It also results in a lower surface based current density for a 
given flow of electrons. As most losses are related to the current density, this can result in an 
increased power output [30]. Under these considerations, the application of three-dimensional 
structures is inevitable for the generation of high currents in future larger MFC systems.  
MFCs hitherto produce power densities up to 17-19 W·m
−2 
with respect to electrode surface 
area or volumetric power densities up to 2.87 kW·m
−3
, admittedly at very small scale and 
artificial conditions [31-33]. Apart from energy recovery from wastewater, MFCs have also 
been investigated for other applications such as biosensors and energy-neutral desalination 
[34, 35]. The most important technological advance which expanded the application range for 
microbial electrocatalysis has been the possibility to apply the electricity produced by 
microbial fuel cells  as the driving force to catalyze the production of high value chemicals 
such as hydrogen gas, caustic soda or hydrogen peroxide at the cathode, at a lower energy 
cost compared to more classical electrochemical production processes [36-38]. Electricity, 
now increasingly available at low cost from renewable sources, enables driving microbial 
conversions that are otherwise thermodynamically not feasible. The higher value of these 
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reduced final products relative to electricity makes the microbial fuel cells more 
economically attractive towards concrete industrial implementations [39]. 
This chapter presented a compressive study of the most promising anode materials studied 
previously in Chapters 6 to 8. The performance of different electrode materials (flat and 
three-dimensional structures) was studied under continuous operation in MFCs systems not 
only to obtain an increase on the power density, but rather for produce energy which could be 
effectively used in different industrial applications as described above. To this propose, the 
performance of the different anode materials in a two-chamber MFC were examined: (1) 
commercial carbon felt, due to its good performance have been used as electrode in several 
MFCs investigations reported in literature (more details see Chapter 6) [29, 40, 41], (2) 
polyaniline-deposited carbon felt, which have been recently studied and results shown an 
important increase of MFC performance (more details see Chapter 7)  [20, 42]; however up to 
date according to our knowledge results of a long-term evaluation tests have not been 
reported, and finally (3) carbon-coated Berl saddles, a three-dimensional electrode developed 
during this work which offer a suitable support for biofilm growth and a promising material 
for scale up MFCs systems (more details see Chapter 8)  [29]. A compressive 
characterization of our MFCs systems was performed for more than three months of 
operation under continuous operation mode. In order to contribute to a greater und 
understanding regarding to the MFCs performance, the Real Time quantitative Polymerase 
Chain Reaction (RT-qPCR) was used as a method for determining bacterial communities 
presented in the anode. RT-qPCR measurement were conducted by Armato (2014) in 
collaboration with Università degli Studio di Torino. Current generation was evaluated in 
term of the influence of operational parameters such as: anodic and cathodic behavior, 
substrate concentration or flow rate, external resistance, recirculation loop and operation 
time. Even, an accurate monitoring of the main operational conditions was conducted, 
including: pH, temperature, conductivity and substrate concentration due to their important 
contribution on the biofilm growth and hence in the electricity production by MFCs. The 
electrochemical performance was evaluated in term of polarizations curves including: Linear 
Sweep Voltammetry and Current Interrupt method. Finally, the continuous energy produced 
was calculated from voltage data recorder under an external load connected to each MFCs 
system. 
The results of this research are part of the publication entitled: “Continuous electricity 
generation using microorganisms from seawater in microbial fuel cells (MFCs): long-term 
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evaluation of promising anode materials”. D. Hidalgo, T. Tommasi,  V. Karthikeyan, B. 
Ruggeri. Under preparation. 
 
9.2. Experimental 
9.2.1. Materials 
Electrode materials: commercial carbon felt (Soft felt SIGRATHERM GFA5, SGL Carbon, 
Germany), polyaniline-deposited carbon felt and carbon-coated Berl saddles were using as 
anode electrode. All experiments were conducted using commercial carbon felt in the cathode 
chamber. Anode modifications: N-phenyl-1,4-phenylendiamine (DANI, 98%), ammonium 
persulfate (APS, 98%), poly (sodium 4-styrenesulfonate) (PSS), chloridric acid (HCl, 37%) 
and methanol (CH4O, 99.9%) were used to perform polyaniline (PANI) deposition on 
commercial carbon felt (C-FELT) following the deposition procedure explained in Chapter 
VII. Carbon-coated Berl saddles were obtained according to the procedure described in 
Hidalgo et al. [29]. 
Reagents: sodium acetate (≥ 99%), peptone (bacteriological for microbiology), potassium 
ferricyanide (≥ 99%), sodium phosphate dibasic dihydrate (≥ 98%) and sodium phosphate 
monobasic monohydrate (≥ 98%) were used to conduct electrochemical experiments in the 
MFC. All reagents used were purchased from Sigma Aldrich. 
 
9.2.2. Bacterial growth conditions 
The fresh sea water sample (Arma di Taggia, Sanremo, Italy), before to be used as inoculum 
in MFCs was previously enriched in 250 mL glass flasks in three following steps. In the first 
step, the fresh seawater was inoculated (10% v/v) into a synthetic substrate, with the 
following composition in g·L
-1
: 7 C6H12O6, 8.2 Na2HPO4, 5.2 NaH2PO4, 8 CH3CO2Na, 7 
fructose and 10 peptone. These reagents were dissolved in 75% v/v filtered sea water and 25 
% v/v distilled water. After that, the pH of culture was set-up in the range 7 - 7.5 by adding 
NaOH 2 N. Furthermore, in order to reach strictly anaerobic condition, the culture was 
purged by N2 flow for 5 min. The “culture enrichment” was conducted at room temperature 
(24 ± 2 °C) and under gentle orbital shaking (150 rpm). The bacteria growth was monitored 
taking samples during time-course of the test by measuring the optical density (OD) at 600 
nm. When OD was inside the range (0.5 - 0.8 ) A, that is inside the range of the exponential 
phase of bacteria growth, 10% culture was used as inoculum of the new fresh culture (second 
step), which contains the same medium described before and the same operative conditions. 
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Once again the culture reached an OD in the range (0.5 - 0.8) A was inoculated in the third 
fresh medium, repeating the same procedure. When OD was in the range (0.5 - 0.8) A, the 
inoculum was ready to be inoculated into MFC test, always in a ratio of 10% v/v of the total 
anode volume. 
 
9.2.3. Determination of bacterial communities 
In order to evaluate microbial community variability for each MFC, DNA extraction was 
performed with a commercial kit (UltraCleanTM Microbial DNA Isolation Kit, MO-BIO 
Laboratories Inc., Carlsbad, CA), and the fluorimetric quantification of each DNA sample 
was performed using QubitTM Fluorometer and QubitTM dsDNA HS Assay by Invitrogen 
(distributed by Life Technology Ltd. – Paisley, UK). After DNA extraction and purification, 
the Real Time quantitative Polymerase Chain Reaction (RT-qPCR) was used to identify and 
quantify the following genera of microorganisms: Total Bacteria, Total Sulfate-Reducing 
Bacteria (SRB), Acetobacter, Clostridium, Geobacter, Saccharomyces, and Shewanella. Gene 
target primers for each strain were selected by the international scientific literature and they 
have been tested in their functionality. First, all RT-qPCR were carried out using specific 
primer; each sample were tested in triplicate. The reactions were conducted using standard 
super-mix (Bio-Rad SsoFast_EvaGreen SuperMix) and RT-qPCR Chromo4 (Bio-Rad) with 
Opticon Monitor 3 Software. After that, RT-qPCR protocols were tested with their specific 
primer, and a new common thermal protocol for RT-qPCR was drawn and tested. To quantify 
the Total Bacteria, the reaction was conducted using standard power-mix (Bio-Rad IQTM 
Multiplex PowerMix) and RT-qPCR Chromo4 (Bio-Rad) with Opticon Monitor 3 Software. 
In order to obtain an absolute quantification of bacteria for each MFC samples, a standard 
curve of specific genomic DNA was performed, in this way, the quantification of bacteria 
could be expressed in terms of gene copies number as a useful and necessary parameter to 
compare different samples. After each PCR analysis, to confirm fragment amplification, gel 
electrophoresis on 2% agarose was performed. For further details about the experimental 
procedure followed for microorganisms identification and quantification consult the research 
work conducted by Armato (2014) [43] in collaboration with Università degli Studio di 
Torino. 
 
9.2.4. MFC configuration and operation  
The MFC device consists of two circular chambers, i.e. the anode and the cathode. Both 
compartments were made in Plexiglas with dimension 12 cm of diameter and 1 cm of depth, 
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separated by a cation exchange membrane (CEM, CMI 7000, Membranes International Inc.) 
as shown in Figure 9.1. The total volume of each empty chamber was around 170 mL. 
Experiments were conducted in three identical MFC with the same operational conditions in 
which the mainly different is attributed to the performances of the anode material used as 
follow: (1) the first cell was operated using commercial carbon felt (C-FELT), (2) the second 
cell was operated using PANI-deposited carbon felt (C-PANI), and (3) the third cell was 
operated using carbon-coated Berl saddles (C-SADDLES). All experiments were conducted 
using commercial carbon felt as cathode material. The conductive materials were introduced 
to each chamber and connected with a graphite rod of 5 mm in diameter to ensure an 
effective current transport. The three MFCs were operated in a continuous mode at an 
external resistance of 1000 Ω during more than three months of operation at room 
temperature of 24 ± 2 °C. 
The MFCs were inoculated with the effluent of an active MFC which operated using sodium 
acetate as substrate and a mixed microbial population naturally present in sea water 
previously enriched as is described in Section 9.2.2. The anolyte consisted of inoculum (50 
mL), sodium acetate (1 g·L
-1
) and peptone (1.25 g·L
-1
) in anode buffer solution composed of 
30% v/v of fresh sea water and 70% v/v of inorganic salts buffer, i.e. Na2HPO4·2H2O (8.2 
g·L
-1
) and NaH2PO4·H2O (5.2 g·L
-1
). The total volume of the anolyte was 500 mL which was 
recirculated from the anode vessel though the anode matrix at a flow rate of 1 L·h
-1
 by a 
peristaltic pump (ISMATEC - ISM404B, Germany). A N2 flow was used to ensure anaerobic 
conditions in the anode chamber. 
A sterile and concentrate synthetic anode influent was continuously fed by a syringe pump 
(KF Technology, Italy) at a flow rate of 0.42 mL·h
-1
 in order to provide to the individual 
MFCs 1 g·L
-1
 sodium acetate and 1.25 g·L
-1
 peptone (in anode buffer solution) per day 
respect to the total volume of the anolyte. During the experiments, the total anolyte volume 
was maintained in 500 mL by using a vessel system to the collection of the exceeding anolyte 
solution. 
The catholyte consisted of potassium ferricyanide (500 mL at 6.58 g·L
-1
) aqueous solution in 
buffer solution of inorganic salts with the same concentration as is described above, which 
was recirculated from the cathode vessel through the cathode matrix at a flow rate of 1 L·h
-1
 
by using a peristaltic pump. The oxidation/reduction of the cathode was controlled by a 
periodic renewal of the cathode solution when the solution was decolorized.  
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Figure 9.1. Microbial fuel cell configuration 
 
9.2.5. Physical-chemical characterization of MFC parameters  
Anode solution samples were collected in the outflow of the cell using a 10 mL syringe. 
Redox potential and pH values of the anodic solution were measured using a pH-meter 
(model Crison Basic 20, Spain) provided with the suitable measuring electrodes. The pH of 
the anodic solution was adjusted manually every two days by the addition of diluted HCl 0.01 
M to the anolyte solution in order to maintain the pH value around 7.5 – 8.3. The 
conductivity of the anodic solution was determined using conductimeter (CyberScan PCD 
650, Singapore). UV-visible spectra was adopted to measure the optical density (OD) in order 
to explore the growth of the mixed microbial population present in the anodic solution. To 
this purpose, absorbance spectra of the anodic solution were recorded at 600 nm using an 
UV–visible spectrophotometer (PerkinElmer, Lambda 35, USA).  
 
9.2.6. Electrochemical measurements and energy production using MFC 
Electrochemical experiments were performed on a multi-channel VSP 
potentiostat/galvanostat (BioLogic). Measurements were recorded by using EC-Lab software 
version 10.1x for data acquisition. All tests were carried out using a two electrode 
configuration, where the working electrode was coupled to the anode and both counter and 
reference electrodes were connected to the cathode. Linear Sweep Voltammetry (LSV) curves 
were recorded by imposing a linear potential decrease from the Open Circuit Voltage (OCV) 
of the cell (V0 where I = 0) to the Short Circuit Voltage of the cell (Vsc = 0 where I = Imax) at a 
scan rate of 1 mV·s
-1
. From the I-V curves, the power density was calculated by the following 
equation: P = (I·V) ·A
-1
, where I, V and A represent current recorded, voltage output and the 
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total area chamber, respectively. The internal resistance was determined using the Current 
Interrupt (CI) method. When the MFC produced a stable current output (Io) and potential 
(Vo), the circuit was opened causing an initial steep potential (VR) rise followed by a further 
slow increase of the potential (VA). The steep increase is referred to as the ohmic losses 
caused by the internal resistance (Rint). The determination of the steep potential rise after 
current interrupting required the fastest possible recording of the potential during the first 50 
µs consequently Rint can thus be calculated as: Rint = VR·Io.  
To calculate the energy produce by M Cs, the cell voltage (ΔV) was continuously measured 
every 60 s using a data logger (Agilent, 34972A, The Netherlands) under an external 
resistance (R) of 1000 Ω. The current (I) was calculated from ΔV and R using Ohms law: I = 
V·R
-1
. The current was average over a period of 24 h after the catholyte had been replenished 
to assure equal cathode performance for all tests. Thus, energy in joule (J) was calculated as 
the amount of electrons (amperes) with a driving force (volts) in a closed circuit system per 
unit of time (seconds) by the following equation: J = I·ΔV·t. 
 
9.3. Results and discussion 
9.3.1. Physicochemical characterization of MFC parameters  
The optimization of MFCs requires an extensive exploration of the operating parameters that 
affect MFCs performances. A complete characterization of ours MFCs systems from a 
physicochemical point of view is presented including: pH, conductivity, redox potential and 
of microorganisms growth under MFCs operating in continuous mode. 
Experiments were conducted using buffer solution in both chambers (anode and cathode) in 
order to maintain small variations in pH. However, due to the several reactions occurring 
during bacteria metabolisms, anolyte pH tended to increase especially in the initial stage of 
MFC operation. To avoid significantly variations on the anolyte pH, in this work HCl 
solution (0.01 M) was used to maintain the pH in the anode chamber around 7.5 – 8.3 as 
shown in Figure 9.2a taking as reference the typical pH values at which microorganism are 
exposed in natural seawater environmental [44]. Finally, it was possible also to observe that 
anolyte pH variations tended to reduce after around 80 days of operation due to the systems 
reached a dynamic equilibrium forms between anode, cathode and proton diffusion cross the 
membrane as previously reported [4]. 
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Figure 9.2b shows the behavior of the conductivity in the three cells. At the beginning of the 
experiments, the conductivity of the solution was around 27.4 mS·cm
-1
. A continuous 
increase of the conductivity of the anode solution was observed which is intimately related 
with the continuous fed of mineral salts derived from the seawater and phosphate mineral salt 
present in the synthetic anode influent. After three months of operation, the conductivity of 
the anode solutions continuously increased reaching values around 39 mS·cm
-1
 for C-FELT 
and C-PANI cells while that for C-SADDLES cell conductivity of 36 mS·cm
-1
 was reached.  
In the development of MFCs two opposing goals consequently arise: (1) the salinity of the 
electrolyte must be as high as possible to decrease the ohmic drop, but also (2) it must not 
exceed the level that microorganisms can tolerate [45], and unfortunately, most 
microorganisms do not accept salinities higher than around 100 mM (a few g·L
-1
). For this 
reason, most MFCs have so far been developed in solutions with low conductivities [46]. 
Typically, the higher power densities obtained with MFCs have been obtained around 7 W·m
-
2
 [47], and more commonly of the order of 2 to 3 W·m
-2
, for conductivity of the order of 20 
mS·cm
-1
 [48]. However, by avoiding acetate limitations and using salt marsh sediment as the 
inoculum, microbial bioanodes were able to give up to 85 A·m
-2
 in electrolytes with 
conditions of 104 mS·cm
-1
, corresponding to 1.5 times the salinity of seawater [45]. From 
this elementary calculation, to be implemented on a large scale, microbial bioanodes must 
become able to operate at drastically higher conductivities, which is achievable considering 
that marine micro-flora is perfectly adapted to functioning in saline environmental (5.4 S·m
-
1
). Thus, enough attention has not been paid so far on evaluation performance of MFC 
exposed to high conductivities and for this reason this work is aimed to investigate the 
performance of MFC operating using inoculum samples collected from seawater with the 
view to forming halo-tolerant electroactive biofilms which represent also an essential 
prerequisite if MFCs are to advance for industrial prospection. 
In MFCs systems, the microbial activity is strongly dependent on the redox potential of the 
anode. For this reason, the oxidation or reduction character of the anodic solution was 
measured during the duration of the experiments and results are shown in Figure 9.2c. It is 
possible observe that the redox potential ranging from 0 mV in the initial state of the 
experiments until to reach redox potential below -200 mV which demonstrated the strong 
oxidant potential of the anode solution. During respiration, microorganisms liberate electrons 
from an electron rich substrate at a low redox potential and transfer these electrons through a 
number of electron transport complexes through the cell membrane where a final electron 
acceptor is reduced [49]. Thus, the continuous reduction of the redox potential of the anodic 
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solutions in ours experiments it is an indication of the proper activity of microorganisms to 
conduct the oxidation of substrate in the anode chamber.  
Finally, the optical density or absorbance of the samples was measured for estimating the 
concentration of bacterial culture in the anodic solution. The measurement is based on the 
amount of light scattered by the culture rather than amount of light absorbed: higher is cells 
number bigger is the turbidity and the quantity of reflex light from bacterial culture.  
Results shown in Figure 9.2d indicated a constant increase of the microorganisms population 
in all three cells. Despite the fact that the measurements were performed in the anodic 
solution, these results allowed obtaining an indication of the microorganisms growth in the 
anode chamber and hence an indication of the continuous growth of the biofilm formation on 
the electrode surface. 
 
 
Figure 9.2. Physicochemical characterization of the anode solution in all three cells C-FELT 
(blue line), C-PANI (red line), and C-SADDLES (green line) including: (a) pH, (b) 
conductivity, (c) redox-potential, and (d) absorbance or optical density 
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9.3.2. Microorganisms identification 
The microbial composition was analyzed with RT-qPCR method and Figure 9.3 gives an 
overview of the microbial communities presented during MFC operation. The analysis have 
been highlighted that the following microbial populations were present and quantifiable in 
each MFC: Total Sulfate-Reducing Bacteria (SRB), Shewanella, Geobacter, Saccharomyces 
and Clostridium. The higher number of microbial communities indicated that the MFC 
environment was suited for the growth and survival of a large variety of microorganisms 
from seawater and did not evolve to a mono-culture. The detected level in gene copies/mL of 
the various bacteria groups is displayed in Table 9.1. All groups varied in quantity during the 
MFC operation, but their presented in general an increase in the following order: Clostridium 
< Saccharomyces < Geobacter < Shewanella, and < SRB. From percentage analysis resulted 
22% of Total Bacteria corresponding to: 16% for SRB, resulting the most present, 3.5% for 
Shewanella, 2.2% for Geobacter, 0.0007% for Saccharomyces, 0.0006% for Clostridium and 
0.00% for Acetobacter, that resulted to be absent in all the samples probably owing to 
maintenance of the anaerobic conditions. Sulfate-Reducing bacteria resulted the most 
abundant microorganism and similar results were also presented in the research conducted by 
Logan using MFCs containing sediments [36].  
 
 
Figure 9.3. Radar graph of gene copies/mL average values of samples from all three cells C-
FELT, C-PANI, and C-SADDLES for each strain by each probe during the time. Logarithmic 
scale was used [43] 
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Table 9.1. Descriptive analysis by each probe in MFC samples (n.d. not detected) [43] 
Week Acetobacter T Bacteria Clostridium Geobacter Saccharomyces Shewanella T. SRB 
C-FELT (gene copies/mL) 
1
st
  n.d. 1.03+09 3.28+03 2.77+05 4.21+03 1.84+07 1.24+08 
2
nd
 n.d 1.15+09 2.18+03 2.46+05 4.28+03 1.86+07 3.06+08 
3
rd
 n.d 6.90+08 5.28+02 1.85+07 1.79+03 1.32+07 1.51+08 
4
th
 n.d 3.35+08 5.00+02 2.94+07 5.69+02 8.95+06 2.08+07 
5
th
 n.d 2.54+08 1.53+02 1.99+07 6.25+02 6.05+06 1.31+07 
C-PANI (gene copies/mL) 
1
st
 n.d 3.83+08 1.11+03 3.10+05 1.83+03 1.46+07 4.91+07 
2
nd
 n.d 3.93+08 9.86+02 1.47+05 1.14+03 1.41+07 5.67+07 
3
rd
 n.d 1.37+08 3.47+02 9.25+05 6.53+02 4.47+06 3.36+07 
4
th
 n.d 3.03+08 4.17+02 4.71+06 4.91+02 6.21+06 1.11+08 
5
th
 n.d 1.64+08 5.56+02 6.00+06 1.39+02 3.56+06 4.76+07 
C-SADDLES (gene copies/mL) 
1
st
 n.d 3.10+07 3.61+02 7.13+04 2.54+03 1.88+06 4.04+06 
2
nd
 n.d 1.45+08 8.06+02 7.78+04 1.25+03 6.30+06 1.24+07 
3
rd
 n.d 8.08+07 5.69+02 5.65+04 6.53+02 5.85+06 6.77+06 
4
th
 n.d 1.60+08 4.44+02 2.99+06 3.47+02 4.95+06 1.81+07 
5
th
 n.d 7.56+07 2.92+03 4.94+06 2.22+02 5.11+06 8.47+06 
 
Several studies have described the microbial composition in MFCs which revealed that the 
type and concentration of bacteria on anodes significantly affects current density in MFCs 
[49, 50]. Various species of Geobacter and Shewanella are the most studied microbes but a 
wide variety of bacteria species can transfer electrons to the anode without aid of redox 
mediators [32, 51].  For example, maximum current densities as low as 0.6 mA·cm
-2
, 3 
mA·cm
-2
 and 6.5 mA·cm
-2
 have been achieved for MFCs based on Shewanella putrefaciens 
[52], Rhodoferax ferrireducens [53] and Geobacter sulfurreducens [54], respectively. 
Although most of the real mediator-less MFCs are operated with dissimilatory metal reducing 
microorganisms, an exception was reported with Clostridium butyricum [55, 56]. Comparing 
these data, several conclusions dealing with the microbial community composition can be 
derived. It is worth to note that RT-qPCR technique has some disadvantages: it does not 
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discriminate between alive and died microorganism, so it is not possible to characterize the 
active population in a MFC; moreover RT-qPCR only notices the target microorganism, so 
that the analysis have to be conducted based on decisions taken on the basis of the scientific 
literature, and it is impossible to characterize the whole MFC community. For more accurate 
determinations could be used a technique of DNA extraction which employs Ethidium 
Monoazide (EMA) or Propidium Monoazide (PMA), so to discriminate between alive 
microorganisms and dead ones; we could also combine this protocol of RT-qPCR with 
Denaturing Gradient Gel Electrophoresis (DGGE) analysis in order to identify species that 
are not expected by scientific literature. For further details about the results obtained 
regarding microorganisms identification and quantification consult the research work 
conducted by Armato (2014) [43] in collaboration with Università degli Studio di Torino. 
 
9.3.3. Power generation 
The Open Circuit Voltage (OCV) of the individual MFCs was monitored during 2 h periods 
after the disconnection of the external resistance in order to reach quasi-steady-state 
conditions before starting polarization techniques. In the initial stage, OCV values were 
around 0.76 V, 0.75 V and 0.64 V for C-FELT, C-PANI and C-SADDLES, respectively. The 
slightly different between the initial OCV values using flat-plate and three-dimensional 
materials could be associated to carbon-based materials offered a more continuous surface in 
which electron could be transferred with respect to C-SADDLES in which the contact point 
in the material are randomly organized (see Figure 9.6). After three months of operation, 
OCV reached values around 0.83 V, 0.77 V and 0.74 V for C-FELT, C-PANI and C-
SADDLES, respectively, which indicated that the biological systems were properly adapted 
to all three anode materials and more specifically by using C-FELT.  
Figure 9.4 shows the polarization curves obtained by varying the scan rate of 1 mV·s
-1
 for the 
whole MFC from initial stage until three months of operation using C-FELT, C-PANI and C-
SADDLES as anode material. As previously reported in literature, polarization curves can be 
divided in three zones [29, 41]: (i) starting from the OCV where I = 0, there is an initial steep 
decrease of the voltage corresponding to the activation losses; (ii) the voltage then falls more 
slowly and the voltage drop is fairly linear with current indicating that ohmic losses are 
dominant; and finally (iii) the voltage falls rapidly at higher currents. This last effect could be 
attributed to the polarization effects inducing mass transfer phenomena [57].  
Figure 9.4a shows that by using C-FELT during the initial stage of the experiments, the 
system produced current density around 390 mA·m
-2
 which increased continuously until to 
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reach 740 mA·m
-2
 after three months of continuous operation. As a consequence, Figure 9.4b 
shows a significantly increase of the power density obtained from 44 mW·m
-2
 to 93 mW·m
-2 
under the same conditions. In spite of the increase of the current and power densities, it is 
worth to note that by using C-FELT the system was strongly dominated for ohmic losses, it is 
for this reason that many studies have been devoted in order to improve the performance of 
C-FELT through a wide variety of modification as is explained with more details in Chapter 
VII.  
For this purpose: to improve C-FELT performance, the in-situ deposition of polyaniline on C-
FELT was conducted following the procedure described in Chapter VII. Results shown in 
Figure 9.4c evidence that in the initial state of the experiments current density of 4370 mA·m
-
2
 were obtained using C-PANI which represented a raise in the current density of 11.2-folds 
with respect to untreated C-FELT under the same operational conditions. Additionally, Figure 
9.4d shows that using C-PANI power density reached values around 520 mW·m
-2
  which 
indicated an enhancement of 5.6-folds with respect to untreated C-FELT in the initial stage. 
This results are in good agreement with these reported in literature which evidence that 
conductive polymer materials such as polyaniline, polypyrrole and composites materials 
based on them in combination with carbon materials significant improved MFC performance 
[20-22, 58]. However most of these study have been conducted in batch operational mode 
and according to our knowledge, a complete characterization of these systems in continuous 
operation has not been performed yet. For this reason, in this study a long-term evaluation of 
the performance of C-PANI is reported. 
In Figure 9.5a and 9.5b are reported current and power densities obtained during three 
months of continuous operation by using C-FELT, C-PANI and C-SADDLES. It was possible 
to observe that C-PANI initially shown the highest current and power densities, however it 
performance decreased continuously during time until to reach a similar performance with 
respect to C-FELT and C-SADDLES. This could be related to the effect of some operational 
conditions inside the MFC on C-PANI such as: (1) evident PANI losses over time which was 
detected by color changes in the piping system, (2) pH > 7 could modify PANI into a non 
conductive form [59], and (3) possible degradation or deactivation of deposited PANI by 
microorganisms activity which have not been studied in depth up to date. Figure 9.4e and 9.4f 
show the current and power density produced by using C-SADDLES, respectively. Results 
evidenced current density around 304 mA·m
-2
 and power density of 51.3 mWm
-2
 in an initial 
period. An important raise was obtained after three months of operation reaching current 
density around 510 mA·m
-2
 and power density of 102 mW·m
-2
. Moreover, the performance 
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of C-SADDLES was compared with respect to C-FELT and results reported are in Figure 
9.5a and 9.5b. Results indicated that also during a long-term evaluation of the performance 
both materials produced comparables results reaching power densities around 93 mW·m
-2
 
and 102 mW·m
-2
 for C-FELT and C-SADDLES, respectively after three months of 
continuous operation. 
Figure 9.4. Polarization curves and power density curves carried out using (a,b) C-FELT, 
(c,d) C-PANI and (e,f) C-SADDLES, respectively as anode electrode from initial conditions 
until three months of continuous operation in MFC 
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Figure 9.5. Long-term evaluation test of MFCs operated using C-FELT, C-PANI and C-
SADDLES as anode electrode: (a) maximum current density, (b) maximum power density 
and (c) internal resistance obtained during three months of continuous operation 
 
For more accurate characterization of ours systems, the total internal resistance of the MFCs 
was determined. The total internal resistance (Rint) of a MFC depends on many terms: the 
anodic resistance Ra, the cathodic resistances Rc, the ions exchange membrane resistance Rm 
and electrolyte resistance Re [60]. The internal resistance of the overall MFC (anode, cathode, 
electrolyte and membrane) was determined as reported in Section 9.2.6, and the comparison of 
the three different anodic materials studied: C-FELT, C-PANI and C-SADDLES, for the 
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duration of the tests are reported in Figure 9.5c. The obtained value is not the electrical 
resistance in the classic sense, but it is able to give us information on how the losses depend 
on the different electrode material and permit hence to compare then, which is the end of this 
study. Considering that the internal resistances of MFCs depends on many factors including: 
electrodes separation distance, operation mode, ionic strength, and substrate properties, in this 
study the internal resistance values were intended with a predominant contribution of the 
anode material effects, due to all the tests were conducted under the same operational 
conditions, and only anode material was changed. As shown in Figure 9.5c, during the 
duration of the experiments, the internal resistance obtained using C-FELT and C-PANI not 
presented a significant variation showing values around 5 Ω and 3 Ω, respectively. This fact 
evidence that the operating conditions inside both cells were maintained. Thus, Figure 9.5c 
evidence a strong reduction of the internal resistance of the cell which operated using C-
SADDLES. Results showed internal resistance around 12 Ω during the initial stage of the test, 
which decreased continuously until to reach internal resistance around 5.6 Ω. The important 
reduction of the internal resistance of the cell operated using C-SADDLES could be explained 
by the growth of the microorganisms which generate a biofilm around the Berl saddles 
improving their colonization and hence increasing the electron transport from the 
microorganisms to the electrode as shown in Figure 9.6, while C-FELT did not offer a proper 
microorganisms support for microorganisms growth and for this reason biomass tended to 
deposit on the bottom of the cells. 
 
Figure 9.6. Biomass growth during continuous operation of MFCs using (a,b) C-FELT and 
(c,d) C-SADDLES as anode electrode 
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9.3.4. Energy production using MFC  
A wide range of bioelectrochemical process has been developed from electrical power 
generation to the production of biofuels and biochemicals. The most studied electrocatalysis-
based process so far is the production of electricity in microbial fuel cells. Until now, MFCs 
produce power densities up to 17 – 19 W·m-2 with respect to electrode surface are or 
volumetric power densities up to 2.87 KW·m
-3
, under small scale which involved many times 
artificial conditions [31-33]. This work is aimed to the calculation of the continuous 
electricity produced by MFCs systems operated under continuous mode. MFCs were 
continuously fed with synthetic influent (1g·L
-1
 of acetate) under an external load of 1000 Ω 
during more than three months of operation. During this period, the systems were monitored 
and the calculation of the electricity produced was determined as is explained above in 
Section 9.2.6. Figure 9.7 shows the accumulated energy produced in Joules (J) during the first 
90 days of operation. MFC operated with C-FELT produced around 1664 J of total electrical 
energy while that the MFC operated using C-SADDLES produced 1674 J. During the same 
period, both systems showed similar behavior with respect to the current and power densities 
generation (see Figure 9.5) which permit to validate that by using C-SADDLES comparable 
resulted can be obtained with respect to C-FELT which is one on the most common anode 
electrode used for MFC applications. Likewise, the energy produced by the MFC system 
operated using C-PANI was evaluated. In this case, due to the high performance of the 
material during the initial stage of the experiments, C-PANI showed an important 
improvement on the electricity produced reaching values around 1803 J after three months of 
operation, which represented an increase of  1.1-folds with respect to C-FELT. However, 
based on our resulted it is worth to note that the performance of C-PANI decreased during the 
period of testing reaching similar values at that obtained using C-FELT.  
There have been many attempts to demonstrate that MFCs can produce electricity in marine 
environments. Reimers et al. (2001) simulated the marine environment in a laboratory and 
showed that the power produced by microbial fuel cells could be sufficient for oceanographic 
instruments deployed for long-term monitoring [61]. Tender et al. (2002) observed a potential 
gradient between an anode buried in marine sediment and a cathode in overlying seawater. 
They deployed two MFCs in coastal marine environments, in Tuckerton, New Jersey and 
Yaquina Bay Estuary, Oregon, and showed the possibility of power generation from marine 
sediment [62]. Reimers et al. (2006) showed that a cold seep has the potential to provide 
more power than neighboring ocean sediments in Monterey Canyon, California [63]. These 
studies demonstrate that microbial fuel cells deployed in natural waters can produce enough 
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energy to operate sensors requiring low power, however, a few work have been devoted to 
the direct application of the electricity produced by MFCs. In this direction, Donovan et al. 
(2008) demonstrated that microbial fuel cells with a microbial anode and cathode can be used 
as an effective renewable power source for remote monitoring using custom-designed 
electronics [34]. Crepaldi el al. (2013)  demonstrated that the electrical energy produced by 
MFC systems have been effectively used to powered a wireless monitoring system for the 
transmission of the voltage level across a series of MFC plus an associated pressure level 
acquired using a piezoresistive nanostructured material and an associated read-out circuit 
[64]. In Spite of all the efforts made so far, it is worth noting that up to date microbial fuel 
cells produce a maximum cell potential around 0.8 V to 1.1 V which continues to be one of 
the major bottlenecks for the development and industrial application of MFC systems. 
  
 
 
Figure 9.7. Accumulated energy produced by MFC systems operated under continuous 
operation mode using C-FELT, C-PANI and C-SADDLES as anode electrode 
 
9.3.5. Variation of the applied external resistance      
During subsequent periods of 2 h at a loading rate of 1 g·L
-1
 of acetate, the external resistance 
of all reactors was lowered from 8200 Ω to 10 Ω as shown in Figure 9.8a. In the different 
steps, when the resistance was decreased an initial sudden rise of the current was produced 
and from which the systems got stabilized after 1 h. In order to maintain constant conditions 
in the cathode chamber, the cathodic solutions was replaced every day over the duration of 
the experiments before performing the change in the resistance. When all the systems 
operated with external resistance between 8220 Ω and 2700 Ω not remarkable different in the 
 188 
 
current densities were obtained. Instead, significant variations on the current densities were 
obtained for all three cells with external resistance from 1800 Ω to 10 Ω, which resulted in a 
significant increase of the continuous current generation. 
 
 
Figure 9.8. Overview of the continuous (a) current density and (b) power density during 
subsequent changes of the external resistance in MFC systems operated using C-FELT, 
C-PANI and C-SADDLES as anode electrode 
 
Over this stage, with external resistance between 1800 Ω to 10 Ω, the maximum current 
density was produced by using C-SADDLES, conferring to the material a wide range of 
possibilities to be used under different conditions in long-term MFC tests. Similar to C-
SADDLES, by using C-FELT an important increase of the current density was obtained, 
however in this case the system required  higher periods of time (> 1 h) in order to reached 
new stabilized operational conditions. Finally, current density obtained using C-PANI 
showed to be less affected as a function of the external load, and as a result the increase of the 
current density was lower than that obtained for C-FELT and C-SADDLES. As a 
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consequence, the external resistance control de ratio between the current generation and the 
cell voltage [41]. Power generation was calculated with respect to the external load applied as 
shown in Figure 9.8b. It is possible to observe that maximum power density of around 58 
mW·m
-2
 was obtained using C-SADDLES under an external load of 330 Ω. In the test 
conducted using C-FELT and C-PANI the higher power densities were obtained at 330 Ω 
(34.60 mW·m
-2) and 1000 Ω (24.03 mW·m-2), respectively. It is worth to note that by using 
C-FELT and C-PANI not remarkable difference in the power density were obtained between 
680 Ω and 330 Ω. Similar results have been also obtained for other authors which concluded 
that: at lower external resistance higher current densities can be obtained [24, 41, 65], 
however a decrease of the external resistance needs to be accompanied by an increasing 
loading rate in order to increase the continuous current generation for prolonged tests  [24].  
 
9.4. Conclusions 
In this Chapter are presented the remarkable results obtained for MFCs systems operated with 
the most promising materials developed during this work and explained in the previous 
Chapters, including: C-FELT and C-PANI as flat-plate electrodes and C-SADDLES as new 
three-dimensional electrode. The performances of the different materials were evaluated in 
term of current density, power density and electrical energy production in a long-term test 
conducted in continuous mode for more than three months of operation. From RT-qPCR 
analysis was possible to identify and quantifiable the active microbial population involved in 
the electricity generation process which included: Total Sulfate-Reducing Bacteria (SRB), 
Shewanella, Geobacter, Saccharomyces and Clostridium. From polarization curves, the 
maximum power generation was obtained using C-SADDLES (102 mW·m
-2
) with respect to 
C-FELT (93 mW·m
-2
) and C-PANI (65 mW·m
-2
) after three months of operation. The 
important reduction of the internal resistance of the MFC operated using C-SADDLES with 
respect to C-FELT and C-PANI could be associated to a major colonization of the electrode 
surface, which results in an increase on the electron transport from the microorganisms to the 
electrode. The highest amount of electrical energy was produced by C-PANI (1803 J) with 
respect to C-FELT (1664 J) and C-SADDLES (1674 J). However, it is worth to note that 
PANI activity was reduced by the operating conditions inside the anode chamber such as: (1) 
PANI losses, (2) pH > 7 possibly modified PANI into a non conductive form, and (3) 
possible degradation or deactivation of deposited PANI by microorganisms activity. The 
external resistance should be considered as an important factor in order to improve the 
performance of MFC systems. To this purpose, low external resistance accompanied by high 
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loading rate have to be considered in order to increase the continuous current generation and 
hence energy production for prolonged tests. 
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Chapter 10  
 
Application of the energy produced by MFCs: A low complexity wireless microbial fuel 
cell monitor using piezoresistive sensors and impulse-radio ultra-wide-band 
 
10.1. Introduction  
Wireless microelectronics systems especially during the last decade have gained superior 
attention for a wide range of applications from Wireless Body Area Networks (WBAN), 
Wireless Sensor Networks (WSN), ubiquitous networking applied to Internet of Things (IoT). 
Thanks to the Microelectronics Process CMOS and Radio Frequency CMOS, a design can be 
aggressively scaled to meet ultra-small form factors and enable wireless connectivity to a 
huge range of objects. Among the available wireless technologies, Impulse Radio Ultra-
Wide-Band (IR-UWB) attracts the research community thanks to its ultra-low power features 
combined to ease of implementation and low-complexity. In the US, (see the FCC Rules Part 
15, subpart F) a signal which can be classified as Ultra-Wide-Band requires a fractional 
bandwidth of at least 0.2 or bandwidth of at least 500MHz. Thanks to this impulsive nature, 
an UWB signal can be easily generated using a small area CMOS integrated circuit, even all 
digital, enabling deep miniaturized wireless capabilities within a very small silicon die.  
Traditionally, wireless sensors are powered by dry cell batteries [1]. The use of dry cell 
batteries is popular but problematic because of their limited lifetime. In remote locations 
replacing the batteries is costly, time consuming, and impractical. A possible solution to this 
problem is to produce power where it is needed, and microbial fuel cells (MFCs) can be used 
to produce energy to power them [2, 3]. MFCs are devices that generate electrical energy 
from organic wastes using exoelectrogenic bacteria on the anode [4, 5]. The application of 
MFCs for wastewater treatment or bioenergy production requires the use of inexpensive 
electrode materials [6-8] that are electrochemically and biologically stable, and that have a 
high specific surface area, electrical conductivity and appropriate mechanical strength [5, 6, 
9]. Several researchers have been attempted to demonstrate the possibility of using a 
sediment microbial fuel cell as the power source for a remote sensor. These studies 
demonstrated that MFCs deployed in natural waters can produce enough energy to operate 
sensors requiring low power [10-12].  
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On the other hand, in the last decades the Micro-Electro-Mechanical Systems (MEMS) 
technology has matured and corned the market of several application fields. In particular 
pressure sensors are the most investigated, developed and worldwide produced transducers 
[13]. The applications affected by the wide spread piezoresistive pressure sensors are varied 
and heterogeneous i.e. automotive, pipes and reservoirs monitoring, industrial and human 
robotics, smart phone, etc. Among different materials used in piezoresistive devices, the 
composites based on polymers and metal filler have several advantages, such as flexibility, 
mechanical robustness, insensitivity to overload, and can be prepared through cost effective 
processes [14]. As already reported for other metal-polymer hybrid systems with nickel [15, 
16], silver [17] or gold particle fillers [18, 19], a giant piezo-resistive behavior can be 
obtained. Anyway although MFC generated energy, at current state, is not enough for high 
demands, it could be very useful to power sensors in remote terrestrial area where the human 
operation will be difficult or actually impossible to monitor the status of this biocell during 
use.  
In this Chapter a fabricated flexible and conformable piezoresistive pressure sensor based on 
an innovative functional material has been employed. The conduction occurs by tunneling 
mechanisms in the copper-elastomer composite. This chapter reports on merging 
heterogeneous contributions and combining the advantages from these three separate fields in 
a system which enables the ultra-low-power monitoring of a microbial fuel cell voltage status 
and enables pressure monitoring features of the internal conditions of a cell. A UWB 
transmitter plus an ad-hoc read-out circuit connected to the piezoresistive material, enable 
two interesting features which can be potentially applied to an MFC, i.e., the wireless 
monitoring of the voltage level across an MFC plus the potential capability of reading out the 
pressure level of the chamber using a piezo-resistive sensor. Both signals are combined 
together in a pulse density modulation (PDM) format which is straightly related to both the 
voltage level of the MFC and the monitored pressure level. Both a UWB transmitter plus an 
ad-hoc read-out circuit connected to the piezoresistive material have been development by 
different research group at Istituto Italiano di Tecnologia which were used in this work to 
evidence the application potential of the energy produce by the MFC. 
The results of this research are part of the publication entitled: “A Low Complexity Wireless 
Microbial Fuel Cell Monitor using Piezoresistive Sensors and Impulse-Radio Ultra-Wide-
Band”. M. Crepaldi, A. Chiolerio, T. Tommasi, D. Hidalgo, G. Canavese, S. Stassi, D. 
Demarchi, F. Pirri. (2013) SPIE Microtechnologies, International Society for Optics and 
Photonics, 876311. 
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10.2. Experimental 
10.2.1. System Concept 
An MFC can potentially be installed in not easily reachable environments where bacteria 
flowing in the cell can be self-sustained by the environment where it is installed. Even if not 
suitable for high demands, the MFC can give a large amount of power to dedicated ULP 
microelectronics systems to run specific tasks. The pressure inside the cell is an important 
information which needs to be considered as well. The membrane pressure can be directly 
related to the MFC metabolic activity of bacteria. Given an Ultra-Low-Power (ULP) read-out 
circuit combined to a nano-structured material plus an IR-UWB transmitter, a simple 
modulation format can transport the charge information over-the-air for a wireless monitoring 
system. Figure 10.1 shows a system concept block scheme.  
 
Figure 10.1. A microbial fuel cell powers an IR-UWB transmitter and an all-digital read-out 
circuit which generates digital triggers for the RF signal generation. Two MFC cells 
connected in series supply the microelectronic circuit 
 
The battery depicted in the schematic identifies the MFC, voltage VMFC which supplies both a 
read-out circuit and an asynchronous IR-UWB transmitter. The read-out circuit is a ring 
oscillator implemented with discrete components (74HC00 logic gates) undersupplied to 1V 
operation. The read-out circuit is connected to a piezoelectric nano-material sensor on which 
pressure can be applied. The read-out circuit oscillates at a given frequency fp, period Tp, 
which depends on its supply voltage level. Frequency also varies as a function of the 
resistance across the generic impedance Znano because propagation delay of the inverter chain 
varies. Period is then a function of the MFC voltage level. The read-out circuit generates a 
square wave which triggers an IR-UWB transmitter. Every time a positive edge occurs at the 
input of the IR-UWB TX a pulse is radiated over-the-air and received by an oscilloscope with 
a connected antenna, emulating a receiver system. At the RX, the quantity Tp is measured. Tp 
is a function of both the supply voltage VMFC and the applied pressure on the sensor. This 
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system enables wireless “charge” monitoring across the M C without requiring expensive 
and power hungry electronics. 
 
10.2.2. Microbial fuel cells 
Many bioenergy conversions exist including incineration, gasification, fermentation (e.g., 
bioethanol), anaerobic digestion for bioH2 and biogas production [6, 20], etc., but MFCs have 
a number of attractive features such as direct electricity generation, high conversion 
efficiency and a reduced amount of sludge production. According to dimensions, MFCs may 
be divided into three groups, macro, meso and microscale MFCs. Microbes in the anodic 
chamber of an MFC oxidize added organic substrates and generate electrons and protons in 
the process (Figure 10.2). Carbon dioxide is produced as an oxidation product. Unlike in a 
direct combustion process, the electrons are absorbed by the anode and are transported to the 
cathode through an external circuit. After crossing a cation exchange membrane (CEM) or a 
salt bridge, the protons enter in the cathodic chamber where they combine with oxygen to 
form water. Microbes in the anodic chamber extract electrons and protons in the dissimilative 
process of oxidizing organic substrates [4]. Electric current generation is made possible by 
keeping microbes separated from oxygen or any other end terminal acceptor other than the 
anode and this requires an anaerobic anodic chamber. MFC is one approach to utilize 
biomass after appropriate pretreatments [21] and directly generates electricity from biomass. 
The materials of electrodes play an important role in MFC performance (e.g. power output), 
energy sustainable and costs. MFC technologies can potentially address both energy and 
water quality challenges because they can enable clean energy production while also 
purifying water, step generally very energy-expensive with traditional aerobic treatment. 
MFC principles have been demonstrated for lab scale devices, but scale-up to real full-scale 
applications is currently  limited by power yield and long-term perform [5, 22, 23].     
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Figure 10.2. Schematic diagram of a typical two-chamber microbial fuel cell 
10.2.3. Piezoresistive pressure sensor 
A large area sensor (10mm x10mm) 1mm thick, based on piezoresistive composite material 
has been equipped with flexible metalized polyimide electrodes, details about the fabrication 
process flow can be find elsewhere [24]. In the prepared composite samples, copper particles 
are intimately coated by the silicone matrix that avoids any physical contact between them 
(see Figure 10.3). As a consequence, when no mechanical deformation is applied, 
piezoresistive specimens exhibit an insulating electric behavior even above the expected 
percolation threshold [25]. While during the application of a compressive strain to the 
functional material, the gap represented by the insulating layer between the metal particles is 
reduced, thus inducing an exponential rise of the probability for the electrons to tunnel 
between neighbor particles. This results in an increase of several orders of magnitude of the 
sample electrical conduction. This tunneling conduction mechanism is promoted by the 
characteristic shape of the particles, presenting multi-branched microstructures covered by 
very sharp nanometric spikes on the surface (see Figure 10.4). Moreover this micro 
corrugated morphology helps the polymeric matrix to intimately coat the filler, avoiding 
physical contact between close particles. 
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Figure 10.3. FESEM image of a PDMS-Cu composite showing the complete coverage of Cu 
particle by the polymeric matrix 
 
 
Figure 10.4. FESEM image of a conductive Cu filler powder showing multi branched 
microstructures covered by nano-tips 
10.2.4. IR-UWB transmitter 
The integrated IR-UWB transmitter used in this work is all digital and it is fabricated in a 
130nm RFCMOS technology process [26]. Basically it embeds a single-phase charge pump 
Phased Locked Loop (PLL) which generates an UWB pulse based on a single duty cycling 
reference input. The Asynchronous Logic Duty cycled PLL generates a UWB pulse in the 
low FCC band (0 - 960MHz) with a fractional bandwidth F larger than the minimum 0.2 
required to radiate a UWB pulse. The AL-PLL UWB TX conceptual scheme is given in 
Figure 10.5. Based on a single duty cycling reference input, a Ring Oscillator (RO) 
synthesize a Radio Frequency signal which is 2N times faster than Tref. Based on Tref width, 
the circuit self adapts to synthesize a number of oscillations 2N within a duty cycling 
duration.  
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Figure 10.5.  All-digital pulse synthesis based on an Asynchronous Logic-Phase Locked 
Loop (AL-PLL)  [27] 
 
10.3. Results and discussion 
10.3.2. MFC operation 
Each MFC device comprises two circular chambers in Poly(methyl methacrylate) with 
internal diameter of 12 cm and 1 cm of thickness (internal volume for each chamber ~ 170 
ml) separated by a cation exchange membrane (CEM, CMI 7000, Membranes International 
Inc.). In each chamber carbon felt (Soft felt SIGRATHERM GFA5, SGL Carbon, Germany) 
was used as conductive material with a graphite rod (diameter 5 mm) to ensure an effective 
current conduction capability. Experiments were conducted in batch mode at room 
temperature (22 ± 2ºC), using Saccharomyces cerevisiae as active microorganism. The anode 
chambers were filled with yeast (50 g·L
-1
), glucose (60 g·L
-1
) and methylene blue (1.22 g·L
-1
) 
as redox mediator for the transport of electrons from the microorganisms to the electrode 
surface. The cathodic compartment was filled by potassium ferricyanide (6.58 g·L
-1
) used as 
oxidant compound. To prepare the anodic and the cathodic solution a buffer solution of 
minerals salts Na2HPO4 (8.2 g·L
-1
) and NaH2PO4 (5.2 g·L
-1
) was used. Two identical MFCs 
have been connected in series in order to power wireless sensor networks.  
Beyond experiment set-up proposed in this paper, an electrochemical characterization of 
singular MFC has been conducted, in order to give an idea of electrical potentiality of these 
devices. All electrochemical experiments were run on a multi-channel VSP potentiostat 
(BioLogic) in a two-electrode set-up: where the working electrode was coupled to the anode 
and both counter and reference electrodes were connected to the cathode. Experiments were 
characterized in terms of open circuit voltage (OCV) and Linear Sweep Voltammetry (LSV) 
behavior, in order to gain information on the dynamics of electron transfer and hence, on 
power production. Polarization curves were measured a scan rate of 1 mV·s
-1
. Power was 
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indirectly calculated by P = I·V, where I, V represent the current and voltage output recorded, 
respectively. Figure 10.6 shows current (I,V) and power (P,V) curves obtained after 2 hrs 
MFC activity, before the measurements session with the IR-UWB piezo-resistive subsystem. 
Results showed a maximum power density of 29.8 mW·L
-1
 and 290 mW·m
-2
, which slightly 
decrease from 2 h to 24h after the beginning of test.  
 
Figure 10.6. Polarization curve and power after 2 hrs operation from the beginning of test 
obtained by MFC working in batch mode with commercial carbon felt material as anode 
electrode 
Particularly, Figure 10.6 shows that each MFC cell is able to reach about 3.2 mW as point of 
maximum power at 0.3 V, against 0.7 mW absorbed by the MFC/IR-UWB piezo-resistive 
demonstrator, even if the system requires two series MFCs to reach the supply voltage 
required (about 0.8 - 1 V). These results demonstrate that an MFC system, properly 
dimensioned and stacked in series could deliver enough power to sensors taking into account 
voltage input requirement and power absorption [28]. 
 
10.3.2. Complete system 
Figure 10.7 shows the measurement set-up scheme for the combined MFC/IR-UWB and 
piezo-resistive demonstrator. The MFC is connected to a Printed Circuit Board (PCB) with an 
integrated circuit comprising the TX mounted. The supply terminals are directly connected to 
a series of two MFC, which provide an OCV of about 1.0 V. The piezoresistive sample 
connected to the read-out circuit is loaded with a 654.6 g copper weight, for an overall 
pressure of 64 kPa. Figure 10.8 shows the measured oscillation period Tp as a function of the 
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supply voltage of the MFC and the absorbed current. The oscillation period Tp is measured 
using a 4 GS·s
-1
 oscilloscope. Pulses have center frequency of about 365 MHz almost 
constant for the whole supply range. Results show that oscillation period can be related to the 
voltage across the MFC, plus a variation of about 250 ns period applying pressure. We hence 
demonstrate that a 10 mV supply variation can be easily detected using our read-out circuit 
and combined to an applied pressure information. In the experiment the consumed power of 
the ROC plus IR-UWB transmitter (here, prototypes, hence, not fully optimized) ranges 630 
to 700 µW, which is below the maximum power achievable by the MFC, even if needs the 
voltage obtained by two MFCs in series.  
 
 
Figure 10.7. Set-up scheme for the combined MFC/IR-UWB piezo-resistive demonstrator 
experiment 
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Figure 10.8. A 30 minutes measurement session, with depicted MFC supply voltage Vdd, 
consumed current by the printed circuit board system and the oscillation period Tp, with both 
nanostructured material loaded and unloaded applied pressure 64 kPa 
 
10.5. Conclusion 
This Chapter has reported on a wireless monitoring system for the transmission of the voltage 
level across a series of MFC plus an associated pressure level acquired using a piezoresistive 
nanostructured material and an associated read-out circuit. The system is capable of sensing 
10 mV variations across the MFC during normal operation. Our solution is conceived to 
provide an efficient energy source, harvesting wastewater, integrating energy management 
and health monitoring capabilities to sensor nodes which are not connected to the energy 
grid. 
 
10.6. References 
[1] D. Diamond, S. Coyle, S. Scarmagnani, J. Hayes, Chemical Reviews, 108 (2008) 652-
679. 
[2] E.F. DeLong, P. Chandler, Nature biotechnology, 20 (2002) 788-789. 
[3] C. Donovan, A. Dewan, D. Heo, H. Beyenal, Environmental science & technology, 42 
(2008) 8591-8596. 
[4] K. Rabaey, W. Verstraete, TRENDS in Biotechnology, 23 (2005) 291-298. 
 204 
 
[5] D. Hidalgo, T. Tommasi, V. Cauda, S. Porro, A. Chiodoni, K. Bejtka, B. Ruggeri, Energy, 
71 (2014) 615-623. 
[6] T. Tommasi, B. Ruggeri, I. Mazzarino, D. Hidalgo, Proceedings of the 4th   International 
Conference on Engineering for Waste and Biomass Valorisation. Porto, Portugal; ISBN: 979-
10-91526-00-5, (2012). 
[7] J. Wei, P. Liang, X. Huang, Bioresource Technology, 102 (2011) 9335-9344. 
[8] S. Das, N. Mangwani, Journal of Scientific and Industrial Research, 69 (2010) 727-731. 
[9] Y. Liu, F. Harnisch, K. Fricke, U. Schröder, V. Climent, J.M. Feliu, Biosensors and 
Bioelectronics, 25 (2010) 2167-2171. 
[10] C.E. Reimers, L.M. Tender, S. Fertig, W. Wang, Environmental science & technology, 
35 (2001) 192-195. 
[11] L.M. Tender, C.E. Reimers, H.A. Stecher, D.E. Holmes, D.R. Bond, D.A. Lowy, K. 
Pilobello, S.J. Fertig, D.R. Lovley, Nature biotechnology, 20 (2002) 821-825. 
[12] C. Reimers, P. Girguis, H. Stecher, L. Tender, N. Ryckelynck, P. Whaling, Geobiology, 
4 (2006) 123-136. 
[13] W. Eaton, J. Smith, Smart Materials and Structures, 6 (1997) 530. 
[14] H. Yousef, M. Boukallel, K. Althoefer, Sensors and Actuators A: physical, 167 (2011) 
171-187. 
[15] G. Canavese, M. Lombardi, S. Stassi, C.F. Pirri, Applied Mechanics and Materials, 110 
(2012) 1336-1344. 
[16] G. Canavese, S. Stassi, M. Stralla, C. Bignardi, C. Pirri, Sensors and Actuators A: 
physical, 186 (2012) 191-197. 
[17] A. Chiolerio, I. Roppolo, M. Sangermano, RSC Advances, 3 (2013) 3446-3452. 
[18] S. Stassi, G. Canavese, V. Cauda, S. Marasso, C. Pirri, Nanoscale Research Letters, 7 
(2012) 327. 
[19] S. Stassi, V. Cauda, G. Canavese, D. Manfredi, C.F. Pirri, European Journal of Inorganic 
Chemistry, 2012 (2012) 2669-2673. 
[20] B. Ruggeri, T. Tommasi, International Journal of Hydrogen Energy, 37 (2012) 6491-
6502. 
[21] B. Ruggeri, M. Bernardi, T. Tommasi, International Journal of Environment and 
Pollution, 49 (2012) 226-250. 
[22] X. Xie, M. Ye, L. Hu, N. Liu, J.R. McDonough, W. Chen, H. Alshareef, C.S. Criddle, Y. 
Cui, Energy & Environmental Science, 5 (2012) 5265-5270. 
 205 
 
[23] B.E. Logan, B. Hamelers, R. Rozendal, U. Schröder, J. Keller, S. Freguia, P. Aelterman, 
W. Verstraete, K. Rabaey, Environmental science & technology, 40 (2006) 5181-5192. 
[24] S. Stassi, G. Canavese, F. Cosiansi, R. Gazia, M. Cocuzza, Procedia Engineering, 47 
(2012) 659-663. 
[25] D. Bloor, K. Donnelly, P. J Hands, P. Laughlin, D. Lussey, J. Phys. D: Appl. Phys., 38 
(2005) 2851-2860. 
[26] M. Crepaldi, D. Demarchi, Circuits and Systems II: Express Briefs, IEEE Transactions 
on, 60 (2013) 237-241. 
[27] D. Bloor, K. Donnelly, P. Hands, P. Laughlin, D. Lussey, Journal of Physics D: Applied 
Physics, 38 (2005) 2851. 
[28] P. Aelterman, K. Rabaey, H.T. Pham, N. Boon, W. Verstraete, Environmental science & 
technology, 40 (2006) 3388-3394. 
 
 
 
 
 206 
 
Prospective 
 
A hybrid solar-microbial device for sustainable hydrogen and electricity generation 
 
P.1. Introduction 
With the drastic increase of human population, there is an ever-growing demand for energy 
and clean water, for the continuous economic growth and suitable habitat of the earth. For 
this reason, in this century one of the most daunting challenges facing science is to develop 
renewable energy technologies. With this purpose in mind, this work was devoted to the 
study of highly energy-efficient systems in order to maximize the recovery of energy from 
renewable energy sources such as: solar and wastewater. In this scenario, the merge of photo-
electrochemical (PEC) water splitting and microbial fuel cells (MFCs), technologies still 
under development, represents an attractive way to design a self-sustained system for 
renewable energy production.  
PEC water splitting offers a promising way for clean, low-cost, environmentally friendly and 
virtually inexhaustible fuel production from solar energy. The appealing idea is to use the 
light from the sun, together with appositely designed semiconducting and catalytic materials, 
to obtain the water dissociation into elemental hydrogen and oxygen, and eventually the 
production of hydrocarbon fuels if the generated hydrogen is employed to reduce CO2 [1]. To 
overcome the thermodynamic constraints and to compensate the energy loss during the 
operation (e.g. due to electrical resistance of the device), an external bias of 0.2 V to 1.0 V is 
usually supplied to sustain the current/hydrogen generation [2]. Nevertheless, the requirement 
of external bias adds to the complexity and cost for hydrogen production, making it less 
attractive as a cost effective energy solution. However, if the external bias is supplied from a 
renewable and continuous energy production system, PEC water splitting can become a more 
challenging device for hydrogen production. For this purpose, the integration of PEC and 
MFC devices could represent an excellent option. 
MFCs are bioelectrochemical devices were electrogenic bacteria are used to oxidize the 
organic matter, transfer the electrons to an electrode and generate electricity [3]. Thus, MFCs 
provides new opportunity for sustainable energy production from biodegradable compounds 
present in the wastewater, achieving simultaneous wastewater treatment [4]. The application 
of MFCs for wastewater treatment or bioenergy production requires the use of inexpensive 
electrode materials [5-7] that are electrochemically and biologically stable, and that have a 
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high specific surface area, electrical conductivity and appropriate mechanical strength [5, 8, 
9]. In addition to bioelectricity, the electrons produced by the microorganisms can also be 
used to produce various chemical fuels, depending on the electron acceptors used in the 
catholyte [10, 11]. Considerable efforts have been made to minimize the energy loss though 
the optimization of MFC reactors, electrodes, as well as the type of metal catalysts on the 
cathode. MFCs have been investigated also as power generation systems for underwater 
monitoring equipments, remote sensors and biochemical oxygen demand sensors as well as 
hydrogen production devices [12-15]. Recently, Wang et al. [2] have demonstrated the 
feasibility of continuous hydrogen production based solely on solar light and biomass 
(wastewater) recycling, by coupling solar water splitting and microbial electrohydrogenesis 
in a photo-electrochemical cell-microbial fuel cell (PEC-MFC) hybrid device; however,  the 
use of expensive electrode materials such as platinum  is up-to-date the main bottlenecked of 
this system. These microbial photoelectrochemical cells can open up many opportunities for 
microbial fuel cell technology because they combine respective advantages of semiconductor 
and microbial systems. The aim of this Chapter is to present the general concept of a hybrid 
device that interphase a PEC water splitting system with a series of MFC devices (denoted in 
following as PEC-MFC), which could generate both electricity and hydrogen gas using as 
external bias the potential produced by microbial fuel cells from biodegradable organic 
matter and solar light as the only energy sources. 
 
P.2. Experimental 
P.2.1. PEC and MFC configuration and operation 
The configuration of the PEC-MFC device is illustrated in Figure P.1. The system is 
composed by a dual chamber water splitting PEC and by an assembly of three MFCs as 
shown in Figure 9.1.  
Each MFC is composed by anode and cathode chambers, separated by a proton exchange 
membrane (PEM). In the MFCs, commercial carbon felt (C-FELT), polyaniline-deposited 
carbon felt (C-PANI) and carbon-coated Berl saddles (C-SADDLES) were used as anode 
electrodes. All the MFCs use commercial carbon felt in the cathode chamber. The MFCs 
were inoculated with the effluent of an active MFC which operated using sodium acetate as 
substrate and a mixed microbial population naturally present in sea water, previously 
enriched as is described in Section 9.2.2. A sterile and concentrate synthetic anode influent 
was continuously fed by a syringe pump (KF Technology, Italy) at a flow rate of 0.42 mL·h
-1
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in order to provide to the individual MFCs 1 g·L
-1
 sodium acetate and 1.25 g·L
-1
 peptone (in 
anode buffer solution) per day respect to the total volume of the anolyte. The total volume of 
the anolyte was 500 mL which was recirculated from the anode vessel though the anode 
matrix at a flow rate of 1 L·h
-1
 by a peristaltic pump (ISMATEC - ISM404B, Germany). The 
catholyte consisted of potassium ferricyanide (500 mL at 6.58 g·L
-1
) aqueous solution in 
buffer solution of inorganic salts i.e. Na2HPO4·2H2O (8.2 g·L
-1
) and NaH2PO4·H2O (5.2 g·L
-
1
), which was recirculated from the cathode vessel through the cathode matrix at a flow rate 
of 1 L·h
-1
 by using a peristaltic pump. The oxidation/reduction of the cathode was controlled 
by a periodic renewal of the cathode solution when the solution was decolorized. The MFCs 
were operated in a continuous mode at room temperature of 24 ± 2 °C under open circuit 
voltage. In Chapter 9 are shown the operational experimental details of the MFCs. 
In the PEC device, ZnO@TiO2 core-shell structures were used as photoanode material and                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
prepared as a follow: first, ZnO nanowire (ZnO NWs) were grown on a commercial stainless 
steel grid as support by hydrothermal synthesis following the experimental procedure 
explained in Section 3.2.1.3 and then, ZnO@TiO2 core-shell structures were fabricated by 
covering the ZnO NWs with TiO2 nanoparticles by using the non-acid sol-gel synthesized 
explained in Section 3.2.1.4. Cathodes were fabricated by depositing a thin and dense film of 
Pt (thickness of about 110 nm) on a stainless steel grid support, and in following will be 
called “Pt/grid”. Before depositing the active photoanodic and cathodic materials, the 
stainless steel grid supports were first accurately cleaned in ultrasonic bath for 10 min at 60 
Hz using ethanol to remove pollutants from the surface and then dried in air at room 
temperature. A PEM-based PEC was used to study the photo-electrochemical performance of 
the ZnO@TiO2 core-shell structured electrode for the water splitting reaction [1]. The PEM 
PEC was composed by ZnO@TiO2 core-shell structures electrode used as anode, the Pt/grid 
electrode used as cathode and Nafion 117 used as proton conducting membrane. These three 
elements constitute the membrane electrode assembly (MEA) which is sandwiched between 
two microfluidic reaction chambers made of polydimethylsiloxane (PDMS), closed by two 
quartz windows placed at the front and at the back side of the device, respectively. The 
reaction chambers were filled and fed continuously with an electrolytic solution of NaOH 
(0.1 M, pH ~ 13.0), using a peristaltic pump (Peripro-4H by Word Precision Instruments) at a 
rate of 5 ml·min
-1
: such value is able to guarantee continuous electrolyte regeneration and 
exit of produced gases in the reaction chambers. PEC and MFC devices were assembled and 
tested separately before integrating them into the hybrid device. 
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Figure P.1. Schematic configuration of PEC-MFC device 
 
P.2.2. Electrochemical and photo-electrochemical characterization 
Electrochemical experiments were performed on a multi-channel VSP 
potentiostat/galvanostat (BioLogic). Measurements were recorded by using EC-Lab software 
version 10.1x for data acquisition. Electrochemical tests of the MFCs were carried out using a 
two electrode configuration, where the working electrode was connected to the anode and 
both counter and reference electrodes were connected to the cathode. Electrochemical 
characterizations were performed in a single MFC and in a series configuration MFCs in 
order to obtain the electrical contribution of all the three cells. Linear Sweep Voltammetry 
(LSV) curves were recorded by imposing a linear potential decrease from the Open Circuit 
Voltage (OCV) of the cell (V0 where I = 0) to the Short Circuit Voltage of the cell (Vsc = 0 
where I = Imax) at a scan rate of 1 mV·s
-1
. From the I-V curves, the power density was 
calculated by the following equation: P = (I·V) ·A
-1
, where I, V and A represent the recorded 
current, voltage output and total area of the chamber, respectively. In the PEC the 
electrochemical tests were performed in two-electrodes configuration, using the ZnO@TiO2 
core-shell structures as working electrode and the Pt/grid as counter and reference electrode. 
The PEC was first polarized at 2 V for 1 h to allow a full development of the concentration 
gradients in the cell. Then, the I-V characteristic curve was measured by applying an external 
potential bias between 0 and 2.5 V at a rate of 20 mV·s
-1
. LSV measurements were performed 
under dark and under frontal simulated AM 1.5G solar light illumination (100 mW·cm-
2 
irradiation, provided by a 450 W Xe lamp with an A.M. 1.5G filter and a water filter), cutting 
off IR radiation, in order to avoid the heating of the device. The geometrical area of the 
anodic electrodes in contact with the liquid electrolyte was around 4.38 cm
2
.  
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P.3. Results and discussion 
For the PEC device, ZnO@TiO2 core-shell structures were uses as photo-anode material 
because it is an attractive material for water oxidation, due to its favorable band gap 
positions, good chemical stability, easy preparation procedure and low cost [16, 17]. In 
addition, its one dimensional structure provides an extremely large surface area for water 
oxidation. Dense and vertically aligned ZnO NWs were grown on a stainless steel grid 
support as reported in the FESEM images in Figures P.2. ZnO NWs in Figure P.2b evidenced 
an average length of 2 - 3 µm with a diameter ranging between 100 and 200 nm. Figure P.2c 
put in evidence the good coverage of the ZnO NWs with the titania shell made of crystalline 
anatase nanoparticles [16, 17]. The PEC behavior of the ZnO@TiO2 core-shell photo-anode 
was evaluated for the water photo-electrolysis reaction. The I-V curve from the water photo-
electrolysis, in the dark and under 1 sun of illumination (AM 1.5G filter, 100 mW·cm-
2
) are 
reported in Figure P.2d. The photocurrent density (J) of the ZnO@TiO2 core-shell photo-
anode showed an important rise starting at about 1.2 V, reaching a maximum J value of 4.12 
mA/cm
2
 at about 2.5 V.   
 
Figure P.2. FESEM images of (a) pristine commercial stainless steel grid support, (b) ZnO 
NWs structure and (c) ZnO@TiO2 core-shell photo-anode and (d) I,V curves collected for 
ZnO@TiO2 core-shell photo-anode with an electrolytic solution of NaOH (0.1 M), in the dark 
and under illumination (100 mW·cm-
2 
irradiation, provided by a 450 W Xe lamp with an 
A.M. 1.5G filter and a water filter), at a scan rate of 20 mV·s
-1
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Before assembling the PEC-MFC hybrid system, the MFCs were maintained for more than 
three months under external resistance of 1000 Ω in continuous operation as explained in 
Chapter 9. For this study, MFCs were characterized in term of OCV and energy generation in 
order to evaluate the capability of the biological systems to provide the necessary bias to the 
PEC. OCV of the individual MFCs was monitored during 2 h periods in order to reach quasi-
steady-state conditions before starting polarization measurements. Results showed OCV 
values around 0.75 V for each individual cell and OCV values around 2.17 V for the three 
cells connected in series (see Figure P.3). Polarization and power characterization revealed 
that these cells operated in the ohmic region and generated a peak power of around 0.52 mW, 
0.45 mW and 1 mW at a current 2.5 mA using C-FELT, C-PANI and C-SADDLES as anode 
materials, respectively. From these results it is possible to consider that the assembly of three 
MFCs connected in series might supply the necessary external bias to operate the PEC, which 
requires a potential > 1.5 V in order to obtain an important rise on the current density and 
hence on hydrogen production. 
 
Figure P.3. Polarization (black line) and power (blue line) curves collected by using (a) C-
FELT, (b) C-PANI, (c) C-SADDLES as anode electrode and (d) using all three MFCs in a 
series configuration 
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Figure P.4a shows the operational curves superimposed of both MFCs in series and PEC 
working under simulated sun-light illumination. It is possible to observe that the operation 
point in which both systems reach equilibrated conditions is around 1.4 V (0.77 mA). This 
result suggests that the integration of the systems could promote the sustainability of a self-
biased PEC-MFC hybrid system.  
After the PEC and MFC characterizations, in order to validate the feasibility of the PEC-
MFC device concept, the hybrid device was characterized as a follow: the MFCs stack anode 
was connected to the PEC cathode (Pt/grid electrode), while the MFCs stack cathode was 
connected to the PEC ZnO@TiO2 core-shell photo-anode. With this configuration, upon 
illumination, photo-excited electron-holes pairs are created at the ZnO@TiO2 core-shell 
structure and subsequently separated by the electric field at the anode/electrolyte interface. 
The holes stay at the surface of ZnO@TiO2 core-shell photo-anode and oxidize water into 
oxygen, electrons and H
+
. The electrons produced flowed through the external circuit to the 
MFC cathode, where they reduced the catholyte composed of potassium ferricyanide. 
Meanwhile, the electrogenic bacteria in the MFC anode biologically oxidize the organic 
matter (sodium acetate) to produce electrons, which are then transferred to the external circuit 
to the Pt/grid cathode of the PEC and reduce protons (H
+
) to hydrogen gas. Figure P.4b shows 
the amperometric I-t curve recorded for the PEC-MFC device, by applying the potential 
generated by MFCs operated in a series configuration to the PEC working under 1 sun of 
illumination. The current spike occurred when the light was turned on, and then a steady-state 
current was obtained after several seconds of settling. After the integration of the PEC-MFC 
system, a continuous decrease on the potential of the MFCs was observed from OCV around 
2.17 V until to reach short-circuit current (0 V) after 30 min of operation. This fact can be 
explained due to PEC represent a substantial resistance for the operation of the MFCs, and 
thus current tended to decrease continuously during time. It can be also associated to a slower 
biological oxidation rate of reaction than other ones occurred in PEC, due to an increase of 
microorganism stress induced by the high electrons request and a faster depletion of nutrients 
in the anolyte [2]. After 30 min of operation, gas bubbles were not observed in the cathode 
chamber of the PEC.  
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Figure P.4. I,V curves for (a) PEC under illumination at a scan rate of 20 mV·s
-1
 (orange line) 
and series MFC (black line) at a scan rate of 1 mV·s
-1
, and (b) I-t curve recorded for the PEC-
MFC device by applying the potential generated by MFCs operated in a series configuration 
and under 1 sun of illumination 
 
P.4. Future works 
PEC-MFC hybrid device could be a sustainable and renewable energy source with the 
continuous supply of sunlight and organic matter as feedings, which can not only generate 
electricity and hydrogen but also treat wastewater and recover contaminants at the same time 
(see Figure P.5). This Chapter provides new insights into the development of efficient energy 
solutions by integrating solar and microbial technology, which may revolutionize the 
conventional wastewater treatment methodologies currently applied nationwide. In order to 
improve PEC-MFC operation, several strategies could be taken into account: (1) employ 
several MFCs (more than three) in order to ensured the external bias required by the PEC, 
because the PEC represent a significant resistance for the system and voltage potential 
decreased during time until to reach steady-state conditions, (2) develop new photo-anode 
materials that allow a reduction of the external bias required by an improvement in the solar 
light absorption, and (3), improve MFC and PEC configurations in order to reduce the 
internal energy losses in both systems. For practical applications, the sustainability of a self-
biased PEC-MFC device depends on their individual electrochemical performances. Finally, 
while ferricyanide solution is an excellent catholyte for MFC devices, it is not renewable in 
practice and its production and use may cause environmental issues. Alternatively, oxygen 
can be uses as an electron acceptor and its application potential has been demonstrated in a 
variety of air cathode MFCs [18-21], which increase sustainability, reduce costs and 
minimize the environmental impact of MFCs.  
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Figure P.5. PEC-MFC hybrid device for the sustainable and renewable production of 
hydrogen and electricity   
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Summary 
 
The population increase, along with the rapid growth of many developing economies, 
indicates that the demand for energy may more than double by mid-century. The 
consumption of water, food, transportation and consumer products are growing and hence the 
require energy to the different production processes. Nowadays, the need for power is mainly 
satisfied by the use of conventional energy sources based on oil, coal, natural gas and nuclear 
power that have proven to be highly effective drivers of economic progress. Unfortunately, 
the increasing concentration of CO2 in the atmosphere, as a result of the combustion of these 
carbon-based fuels, is predicted to result in unacceptable changes in the earth’s climate. In 
addition, pollution such as sulfur dioxide emissions and oil spills also point to the need for 
carbon-free alternative energy sources. In contrast, many technologies based on renewable 
energy sources have been developed, which represent a clean energy sources that have a 
much lower environmental impact than conventional energy technologies. Renewable energy 
commercialization involves the deployment of three generations of renewable energy 
technologies dating back more than 100 years. First-generation technologies, which are 
already mature and economically competitive, include biomass, hydroelectricity, geothermal 
power and heat. Second-generation technologies are market-ready and are being deployed at 
the present time; they include solar heating, photovoltaics, wind power, solar thermal power 
stations, and modern forms of bioenergy. Third-generation technologies include advanced 
biomass gasification, hot-dry-rock geothermal power, ocean energy, artificial photosynthesis 
and microbial fuel cell [1-3], many of them still under development. Worldwide investments 
in renewable technologies amounted to more than US$ 214 billion in 2013, with countries 
like China and the United States heavily investing in wind, hydro, solar and biofuels [4]. 
Rapid deployment of renewable energy and energy efficiency is resulting in significant 
energy security, climate change mitigation, and economic benefits. While many renewable 
energy projects are large-scale, renewable technologies are also suited to rural and remote 
areas and developing countries, conferring also to renewable energy the ability to lift the 
poorest nations to new levels of prosperity. Due to the crucial impact in humanity, the 
development and application potential of renewable energy is a reality. 
For the development of new forms of renewable energy several efforts have been done in 
order to increase the performance and the efficiency of the processes. Nowadays, many 
researches focus their attention on the development of renewable energy from solar and 
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water, which represent abundant and renewable energy sources. In order to encourage the 
growth of new renewable energy technologies, this research work is mainly focused on the 
development of promising anodic materials and their potential application on emerging 
technologies such as artificial photosynthesis and microbial fuel cell. The investigations were 
carried out in two main electrochemical devices: (1) photoelectrochemical cell (PEC) for 
hydrogen generation through water splitting reaction and (2) microbial fuel cell (MFC) with a 
proton exchange membrane configuration (PEM) for direct electricity generation by 
microorganisms activity. The properties of a wide range of materials were analyzed in depth 
in order to select the most promising materials able to offer the best performance under each 
particular operation. As a results, according to desired properties of the investigated 
functional materials this research was focused on two main materials: (1) TiO2 selected as 
based materials for the development of anodic electrodes for the water splitting reaction due 
to its demonstrated application potential as photocatalysts materials such as: appropriate band 
gap of about 3.2 eV, high photocatalytic efficiency, good chemical, optical stability, optimal 
environmental and biological compatibility; and (2) carbon-based materials selected as most 
promising materials for the development of anodic electrodes for MFC because of its unique 
properties such as good conductivity, stability, biocompatibility and low cost. 
Concerning the investigation on PEC for the water photoelectrolysis, different TiO2 
nanostructures have been studied as anodic electrodes including: synthesis, characterization 
and test of TiO2-based materials with the aim of improving the limiting factors of the 
photocatalytic reaction: charge recombination and separation/migration processes. As a first 
step, a new and low-cost synthesis procedure has been implemented for the fabrication of 
thick, mesoporous, transparent and crackless TiO2 films, using an acetic acid catalyzed sol 
gel synthesis with a high water ratio modified by the addition of a non-ionic surfactant. The 
high porosity, surface area, homogeneity and amount of material deposited on the substrate 
surface, together with the good electronic transport and stability over time, resulted in an 
improved photo-catalytic performance of the titania films [5]. Also, the TiO2 sol obtained by 
this synthesis procedure was used as interconnection layer between different nanostructured 
metal oxides, which has been made for instance to bond free-standing TiO2 nanotubes 
membranes into a transparent conductive oxide to be used in a solar energy production 
system (i.e. dye sensitized solar cell) [6, 7]. As a next step, the photo-catalytic properties of 
different TiO2 nanostructures were evaluated including: TiO2 NPs film, TiO2 NTs and 
ZnO@TiO2 core-shell structures. Photo-electrochemical activity measurements and 
electrochemical impedance spectroscopy analysis showed an improvement in charge 
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collection efficiency of 1D-nanostructures, related to a more efficient electron transport in the 
materials. The efficient application of both the TiO2 NTs and the ZnO@TiO2 core-shell 
photoanodes opens important perspectives, not only in the water splitting application field, 
but also for other photo-catalytic applications (e.g. photovoltaic cells, degradation of organic 
substances), due to their chemical stability, easiness of preparation and improved transport 
properties [8-10]. Different optimization strategies (i.e. co-catalysis, surface modifications to 
adsorb visible light, increase of thickness, use of concentrated solar light) were identified for 
each of the studied materials in order to increase their effectiveness and to achieve the 
efficiency values required for commercial applications. Finally, in order to improve the 
photo-catalytic activity of TiO2 NPs, PANI/TiO2 composite films have been synthesized and 
tested. Polyaniline (PANI) solution was synthesized by oxidative polymerization starting 
from aniline dimer obtaining emeraldine as the PANI conductive form. PANI/TiO2 composite 
film was obtained by dip coating the TiO2 film in the obtained PANI solution. PANI/TiO2 
composite film was successfully applied as anode material for the PEC water splitting 
reaction. The increase in the photocatalytic activity of PANI/TiO2 (2-fold higher) with 
respect to TiO2 NPs composite film should be essentially attributed to the efficient separation 
of electron and hole pairs, which allowed a significant improvement of the charge 
recombination and separation/migration processes in the TiO2 NPs [11]. 
Different strategies were also applied in order to improve the performance of anode materials 
for MFCs. The investigation of commercial carbon-based materials demonstrated that these 
materials, normally used for other ends, are suitable electrodes for MFC and their use could 
reduce MFC costs and improve the energy sustainability of the process, promoting the MFC 
technology as possible alternative in wastewater treatment and energy generation. This 
demonstration allowed obtaining a wide variety of choices through which the performance of 
these materials can be effectively increase. In this way, to enhance power generation in MFC 
by using low-cost and commercial carbon-based materials several strategies can be adopted 
including the treatment of the surface of commercial materials to facilitate electron recovery. 
For this purpose, in this study nitric acid activation (C-HNO3) and PANI deposition (C-
PANI) were performed in order to increase the performance of commercial carbon felt (C-
FELT) as anode material in MFC. Electrochemical determinations performed in batch-mode 
MFC reveled a strong reduction of the activation losses contribution and an important 
decrease of the internal resistance of the cell using C-HNO3 and C-PANI of about 2.3 and 4.4 
times, respectively, with respect to C-FELT [12]. The important increase on the power and 
current in all of these cases were likely to be a combination of factors including: (1) enhanced 
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electrical conductivity, (2) increased surface area, and (3) increased affinity of the anode 
surfaces. Moreover, the proposed PANI deposition has multiple advantages with respect to 
the previous ones reported in literature [13, 14]: i) increase of PANI conductivity in the 
soaker solution, ii) decrease of risk hazard during polymerization by use of non-toxic starting 
monomer and iii) more homogeneous and faster deposition method. During this work, not 
only commercial carbon-based materials (untreated and treated) were evaluated, but also in 
order to resolve  different MFC operational problems such as: biofouling, low surface area 
and large-scale MFC, in this work is presented the development of an innovative three-
dimensional material effectively used as anode electrode. The synthesis process consisted in 
the deposition of a continuous and homogeneous graphite layer on the surface of commercial 
Berl saddles through the follow experimental procedure: impregnation, caramelization and 
pyrolysis of glucose used as carbon precursor. The conductive carbon-coated Berl saddles (C-
SADDLES) were successfully used as anode electrode in batch-mode MFC. The results 
obtained show an significant improvement on power densities with respect to most of the 
commercial carbon-based materials tested, and are in good agreement with the results 
obtained using commercial carbon felt under the same MFC operation [15]. Results 
suggested that the carbon-coated Berl saddles offer a low-cost solution to satisfy either 
electrical or bioreactor requirements, increasing the reliability of the MFC processes, and 
seems to be a valid candidate for scaled-up systems and for continuous mode application of 
MFC technology. In addition, the electrochemical performance and continuous energy 
production of the most promising materials obtained during this work were evaluated under 
continuous operation MFC in a long-term evaluation test. Remarkable results were obtained 
for continuous MFCs systems operated with three different anode materials: C-FELT, C-
PANI and C-SADDLES. From polarization curves, the maximum power generation was 
obtained using C-SADDLES (102 mW·m
-2
) with respect to C-FELT (93 mW·m
-2
) and C-
PANI (65 mW·m
-2
) after three months of operation. The important reduction of the internal 
resistance of the MFC operated using C-SADDLES with respect to C-FELT and C-PANI 
could be associated to a major colonization of the electrode surface, which results in an 
increase on the electron transport from the microorganisms to the electrode. The highest 
amount of electrical energy was produced by C-PANI (1803 J) with respect to C-FELT (1664 
J) and C-SADDLES (1674 J) [16, 17]. However, it is worth to note that PANI activity was 
reduced during time by the operating conditions inside the anode chamber such as: PANI 
losses, pH conditions in the anode chamber and possible degradation or deactivation of 
deposited PANI by microorganisms activity.  
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In order to demonstrate the wide application potential MFC, even if it is a technology still 
under development, the energy produce by MFC was effectively used to power a sensor 
system. This work reports the contributions of three separate fields such as: an Ultra-Wide-
Band transmitter and an ad-hoc read-out circuit connected to the piezoresistive material 
which can be potentially operated by the power produced by MFCs. By combining the 
advantages from three fields in a system which enables the ultra-low-power monitoring of a 
microbial fuel cell voltage, the system provides an efficient energy source, harvesting 
wastewater, integrating energy management and health monitoring capabilities to sensor 
nodes which are not connected to the energy grid [18].  
Finally, in this PhD thesis work is presented a general concept of the integration of both the 
studied devices into a hybrid one (denoted as PEC-MFC), by interfacing the water splitting 
PEC and the MFC devices. This concept is proposed to generate electricity and hydrogen gas 
using as external bias (i) the potential produced by microbial fuel cells from biodegradable 
organic matter and (ii) solar light, as the only energy sources. This new concept provides new 
insights into the development of efficient energy solutions by integrating solar and microbial 
technologies, which may revolutionize the conventional wastewater treatment methodologies 
currently applied nationwide.  
To conclude, this research has resulted in new insights which are helpful for the development 
of anode materials and their successful application in water splitting PEC and MFC devices. 
Moreover, this work presents new prospective toward the development and future application 
of PEC and MFCs in the domain of wastewater treatment and renewable energy productions 
such as hydrogen and electricity. It is expected that, next to the recovery of energy from solar 
and wastewater, many new applications for PEC and MFCs will emerge. 
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